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Design with Loe nang MAGNETIC MATERIALS 


Send for a free publication ‘Nickel-c ic Materials’ 
Be THE MOND NICKEL COMPANY LIMITED” Thames House : Millbank - London sw 


.E.E. PROCEEDINGS, PART B—ADVERTISEMENTS ( ii ) 


CONTACTORS 


incorporating the exclusive 


‘RIGHT ANGLE’ MECHANISM 


DIRECTION OF 
CONTACT ACTION 


100 AMP 
SIZE 


fdr eta OD ee a ee 


Save space and therefore cost 


with ARROW contactors—the 


A Praha «cal cc) re 


Ane 8; 


three contactors illustrated 
comply with BSS775 and 
American NEMA Sizes 1, 2 & 3 
—C.S.A. Approved. 


MAKE SURE YOU GET FULL DETAILS.... 
WRITE for Arrow Catalogue MSII to-day 


ARROW ELECTRIC SWITCHES LTD., HANGER LANE, EALING, W.5 
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a eT eT 


NEW Marconi 10 kW Band 1 Television Transmitter 


TYPE BD 371 


THIS NEW 10 kW VISION 
TRANSMITTER TYPE BD 371 
IS DESIGNED FOR USE WITH 
THE BD 325C 2 kW OR THE 
BD 325A 5 kW 
SOUND TRANSMITTERS 


Suitable for unattended operation. 
Adapted for parallel operation. 
Minimum floor space requirement. 
No underfloor ducts. 


Low cost installation. 


‘Minimum number of RF stages. 


MARCONI 


COMPLETE SOUND 
AND VISION SYSTEMS 


MARCONI’S WIRELESS TELEGRAPH COMPANY 


LIMITED * CHELMSFORD « ESSEX * ENGLAND 


M4F 
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MARCONI 


INSTRUMENTS 
for Impedance Measurement 


Among the most sought-after Marconi instruments, the Q-Meters 
and Bridges are proof of the Company’s mastery of instrumenta- 
tion. They permit the determination of the properties of 
resistors, capacitors, and inductors, transmission line compo- 
nents, cables and dielectrics, over a wide frequency range. 


1. DIELECTRIC TEST SET Type TF 704B. For precise measurement of the 
permittivity and power factor of solid and liquid dielectrics. Oscillator 
frequency range : 50 kc/s to 100 Mc/s. 
2. CIRCUIT MAGNIFICATION METER Type TF 1245. Direct measurement of Q 
factors from 5 to 1,000 over the frequency range 1 kc/s to 300 Mc/s. 
Indirect measurements: inductance, capacitance, dielectric loss, phase 
angle, power factor, etc. 
3. V.H.F. ADMITTANCE BRIDGE Type TF 978. Measures conductance and 
capacitance, particularly of aerials and transmission lines, in the 
range 30 to 300 Mc/s. Conductance range: 0 to 50 millimhos. Cap- 

t acitance range :—40 to +40uuF, inductance being measured as 
negative capacitance. Accuracy : 2%. 
4.4% UNIVERSAL BRIDGE Type TF 1313. Gives 4% accuracy in 
measurement of inductance, capacitance, and resistance. Direct 
reading: 0.1uH to 110 henrys at 1 and 10 kc/s; 0.1 uF to 110uF 
at 1 and 10 kc/s; 0.01 ohm to 110 MQ at dic. 
5. UNIVERSAL BRIDGE Type TF 868B. Measures inductance and cap- 
acitance at 1 or 10 kc/s, resistance at d.c. __ Direct reading : 
1H to 100 henrys; 1uuF to 100uF; 0.1 ohm to 100 MQ. 
6. LOW-CAPACITANCE BRIDGE Type TF 1342. A 3-terminal trans- 
former ratio-arm bridge for high-discrimination measure- 
ment of capacitance from 1,llluuF down to 0.002uuF, 
with 0.2% accuracy. Shunt resistance range:1 to 1,000M 2. 
Built-in oscillator and detector operate at 1,000 c/s. 
7. R.F. IMPEDANCE BRIDGE Type 0A 199A/2. Precision-built unity- 
ratio bridge for the measurement of balanced or unbal- 
anced impedances at frequencies between 100 kc/s and 
20 Mc/s. Bridge and oscillator-detector separately 
available. 
Marconi Instruments can also offer Slotted Line, 
Type TF 1264, specially designed for use in the 
1,700- to 2,300-Mc/s multi-channel link band, 
plus V.S.W.R. Indicators. 


MARCONI instRumMENTS 


THE INTERNATIONAL CHOICE FOR ELECTRONIC MEASUREMENT 


AM & FM SIGNAL GENERATORS * AUDIO & VIDEO OSCILLATORS * FREQUENCY METERS * VOLTMETERS * POWER METERS * DISTORTION METERS 
TRANSMISSION MONITORS * DEVIATION METERS * OSCILLOSCOPES, SPECTRUM & RESPONSE ANALYSERS ° Q METERS & BRIDGES 
Please address enquiries to MARCONI INSTRUMENTS LTD., at your nearest office 
London and the South: English Electric House, Strand, London, W.C.2. Tel: COVent Garden 1234. Midlands: Ma iH 24 The P i 
Tel: 1408. North: 23/25 Station Square, Harrogate. Tel: 67455. Export Department : St. Alsanesticete Tel:'St. Meus soso eee SPR 


REPRESENTATION IN 68 COUNTRIES 


TCI90 
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A tunable Magnetron 


FOR LINEAR ACCELERATORS 


THE AE! TUNABLE MAGNETRON TYPE BM1001 is avail- 
able from stock and offers significant advantages in linear 
accelerators at present using VX406r1. 


TUNABILITY MEANS LONGER LIFE AND CONVENIENCE IN USE 


The BMroor cdn be tuned to meet individual 
accelerator requirements. Mismatching difficulties 
will thus be avoided and improved valve life will 
result. Preselection of valves to cater for frequency 
differences between equipments will also be avoided. 


2994 Mics 3002 Mics 


* Peak output 2 megawatts. 
* Tunable within 0.1 Mc/s to any frequency between 


2994 and 3002 Mc/s. 
* Mechanically and electrically interchangeable with 


Vx 4061. 


Please write for further details. 


Associated Electrical Industries Limited 


Electronic Apparatus Division 
VALVE & SEMI-CONDUCTOR SALES, LINCOLN 


Visit Stand No. K.14 at the A.S.E.E. Exhibition, Earl’s Court, March 21st —25th ASS74 


OE 
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A.T. 


TYPE GM 


AND CABLE 
ER SYSTEMS 


> Fully transistorised, mains or station batte 
operation 


s&% Optional inbuilt out-band 3825c/s sign: 
ling, ring down or dialling 


sk New racksides of high equipment capac: 
within conventional rack dimensions 


s& Readily installed and extended with mit 
mum station cabling 


3& Compact, reliable, versatile 


Write for further information to:— 


AUTOMATIC TELEPHON 
& ELECTRIC CO. LTD. 


Strowger House, Arundel Street, London, W.C. 


’Phone: Temple Bar 9262 


TYPICAL TYPE CM TERMINAL RACKSIDE 


AT 
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Capacitorability 


Za 


eS 


In the design and production of thoroughly reliable 
electrolytic capacitors, Plessey have for years held 
a commanding lead. To every new demand made 
by rapid developments in radio, television and 
electronic equipment Plessey can respond by 
bringing to bear unrivalled experience, tremendous 
resources and highly skilled staff. Such is the 
care taken to obtain impeccable standards of quality 
and performance, that virtually clinical conditions 
of manufacture are maintained in the superbly 
equipped laboratories and workshops. These 
same exacting standards are imposed throughout 
the comprehensive range of capacitors produced 
by Plessey. 


Whatever the requirement provides the finest component 


THE PLESSEY COMPANY LIMITED 


Capacitors & Resistors Division: Kembrey Street - Swindon - Wilts - Tel: Swindon 6211 


Overseas Sales Organisation: 
PLESSEY INTERNATIONAL LIMITED ° ILFORD ° ESSEX ° ENGLAND 
Telephone: Ilford 3040 a Overseas Telegrams: Plessinter Telex Ilford 


@ CRD 
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we uvese ULES Uf UL 153 severe 


/ Tantalum Electrolytic 


Capacitors 


TYPE TF cow 
TYPE TS sou) 


THE FACT THAT high quality electrolytic capacitors can be made with 
tantalum has been known for many years. The practical development of 
this particular type of capacitor has been accelerated by the exacting 
demands for capacitors having exceptionally good characteristics for use 
in electronic circuits. The following types are available:— 


ACTUAL SIZE 


TYPE TE The plain or etched foil types which are of comparable construction to the 
well-known dry aluminium electrolytic capacitor and known as “ Foil Type 
Tantalum Capacitors.” These foil type units are suitable for standard 
circuitry where a size limitation exists requiring high capacitance at up to 
150V with wide temperature and/or long shelf life characteristics. 


TYPE TS The solid type, in which the anode is a formed tantalum wire or, more 
usually, a sintered pellet of compressed tantalum powder encased in a 
semiconductor and housed ina container fitted with wire lead terminations. 
This type is most suitable where it is undesirable to have any liquid com- 
ponent present and where exceptionally long shelf life, extremely small 
dimensions and operation at temperatures beyond the capacity of the foil 
type is essential. The peak operating voltage of the solid type is, at present, 
limited to 35 volts. 


The characteristics of Tantalum Capacitors differ from 3 They have considerably extended shelf life, with the 
the conventional types of electrolytic capacitors, in added advantage of being operated over a much wider 
the following respects: temperature range: for example certain types are suit- 

able for operation over the range of—80° C. to+ 85°C, 


I They are smaller. 
4 As tantalum capacitors are inherently resistant to 


chemical attack, the risk of internal corrosion is elimi- 


2 They have a lower leakage current and lower power nated and the fact that there are no riveted, crimped 
factor, i.e a maximum of 10% for foil type and 5% for or stitched metal-to-metal connections is an additional 
solid type. insurance against risk of open-circuit failures in service. 


Catalogue TC 560, giving a full description of these capacitors, is available upon request. 


DUBILIER CONDENSER COMPANY (1925) LIMITED, DUCON WORKS, VICTORIA ROAD, NORTH ACTON, LONDON W.3 


Tel: Acorn 2241. Grams: Hivoltcon London Telex. Telex: 25373. Cables: Hivoltcon London. 
-DN 262 
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RADIO TERMINATING UNITS 


for 


SINGLE 
CHANNEL 
RADIO 
EQUIPMENT 


hese units in conjunction with a fixed radio circuit pro- 
ide a subscriber service to an exchange and also a single 
unction facility between two exchanges. 


ach unit has 4 wire radio to 2 wire telephone conversion 
quipment and suitable signalling equipment to give the 
xchange calling and clearing arrangements. 


g © 


Il units operate from a 40 to 60 cps 100- I50V or 200- 
50V AC mains supply. 


connects a radio terminal to any type of manual switchboard using plug and 
cord connecting circuits. Built in power unit provides signalling facilities 

i RTU. 1 independent of exchange battery. Cordless switchboards can be supplied 
suitably modified for use with the RTU. I. 


units provide subscriber service to auto or CB exchanges over a VHF or UHF 


radio link. 3825 c/s tone switching is used to provide all the necessary 
: RTU. 5 & 6 signalling. The 7” deep chassis can be mounted on a 19” rack or in its own 
cabinet. 


utilizing similar principles to the RTU. 5 & 6a pair of these units and a pair 
# RTU 7 of associated relay sets provide a junction circuit between two CB or auto- 
: matic exchanges. Mechanical details as RTU. 5 and 6. 


is designed for use over HF links, which are subject to fading and interference. 
Singing suppression is incorporated and the following facilities provided. Sub 

. RTU. 8 to CB or Magneto switchboard, tie line between two switchboards of this 
type, extension or tie line with cordless switchboard. 


ERICSSON TELEPHONES LIMITED + ETELCO LIMITED 


ENGLAND 


¢ 
Head Office: 22 Lincoln’s Inn Fields, London W.C.2. Tel: HOL. 6986 - Works: Beeston, Nottingham and Sunderland 
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CONTACTORG.... 


...the new 


DOGOE 


H SERIES 


AC/DC working 
for 


EXTRA heav 
duty 


under any 
climatic 
conditions 


The superlative new DUPAR H Contactors are designed to suit most 
a.c. and d.c. switching applications. Including many new features they 


embody all the inbuilt quality associated with all DUPAR products. 


A.C. and d.c. ratings to 200 amp—to BSS 775 A4 or D4. 

Single pole or multi-pole—poles may be added within each range. 
Unit mounting and front wiring facilitates installation and maintenance. 
Exceptionally quiet operation. 

Single screw fixing of coil and contacts simplifies maintenance. 


Efficient blowouts and arc shields—with separate tungsten arcing 
contacts. 


Dust and damp protecting or weatherproof case available. 

Auxiliary contact assemblies available. 

Short circuit tested at 31 MVA against H.R.C. fuse ratings. 

The most competitive price in its field. Send TODAY for descriptive 


leaflets. 
DEWHURST | "v5 works 
Pe ofe & PARTNER LIMITED HOUNSLOW - MIDDLESE> 
: ; Tel: HOUnslow 7791 (!2 lines) Grams: DEWHURST HOUNSLOY 


Field Offices at; BIRMINGHAM *» GLASGOW -: GLOUCESTER - LEEDS - MANCHESTER - NEWCASTLE - NOTTINGH 
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FERRANTI 


MICROWAVE FERRITE COMPONENTS 
FOR RADAR AND COMMUNICATIONS 


Included in the range are :- 


ISOLATORS 


Peak Powers up to 24 MW. at S-Band. 
Peak Powers up to | MW. at X-Band. 


3 & 4 PORT CIRCULATORS, 
SWITCHES AND MODULATORS 


3 & 4 Port Circulators, Switches and Modulators, 
for S-Band and X-Band Applications. 


Write for further details to : i 
FERRANTI LTD -: KING’S CROSS ROAD - DUNDEE - Telephone: DUNDEE 87141 


—E—————7=_-_- 
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meet the | 
Ee CU PLANNETTE 


— it's only 2° ie ne d new blower 
for forced air cooling 
in confined spaces 


Here, for the first time, is a blower that makes efficient forced 
air cooling in confined spaces a practical proposition. In the 
new PLANNETTE the entire fan assembly is only 2” deep 
and this makes it ideal for projects such as computers, 
electronic black boxes, mobile radios, or electronic instru- 
ments. The PLANNETTE can be mounted either inside or 
on top of the cabinet and thus it makes cooling possible 
where space is insufficient to fit a conventional blower. Its 


performance is quite exceptional. Writenow for detailed leaflet. 


PLANNAIR = 


SUAVETVUOLTVUONTVTRONEVTVERTOTEOOEOTEROETTOOUUTETEOOOEUTEOOEOTETEEREUUTTUTE 


DESCRIPTION 


The new ‘Plannette’ fans are available in two 
sizes, 44” and 6” diameter. The casing is light 
alloy, die cast, and the impeller blades, which are 
of a special aerofoil section, are moulded plastic. 


The motors are a.c. and may be arranged either 
for 230V 1-ph. 50 cycles or 110V 1-ph. 50 cycles. 
The nominal operating speed is 2,700 r.p.m. 
Noise level is extremely low. 


SUUTVEDUOUNTUVVTEAUONNUTUTT EEO UN ETT E EAA 


SUUUVUNLTONUDUONTVUQUVUOOCTOOUTOOETOOOVEOOOTTOEOOTEOOUOOEETOVOREETOOOTTIOELT 


PLANNAIR LIMITED 


Windfield House e Leatherhead e Surrey 
Tel: Leatherhead 4091/3, 2231 


@ Pu 
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he new E.M.I. OSCILLOSCOPE TYPE WM16 is a wide-band, 
ighly sensitiveinstrument of great flexibility and range. It has 


MAIN CHARACTERISTICS of the E.M.I. Oscilloscope type WM16 


utstandingly high performance, yet is considerably cheaper ye) ATONE DC-40 Me/s 
han others in the same class. Compact and convenient to MAXIMUM SENSITIVITY 50 mV/cm at full bandwidth 
- A , . TIME BASE SWEEP SPEED 20 mu secs/cm-0.5 secs/cm 

perate, the WM16 makes use of plug-in units to increase its TROVE] T/A) aS daaleodG cote 
exibility and ease of maintenance. This is an ideal instrument MEASURING ACCURACY + 8% 

A 4 oA f 5 SIGNAL DELAY 0.2 u secs 
r government establishments, universities and industrial STREAEN GRRE neceinelade: 
oncerns. In addition to meeting the needs of general Wide band unit, Dual trace unit. 
é J i ee ANCILLARIES Attenuator Probes, Viewing Mask, 
sboratory electronic work, it can be used for radar, television, Termination Pad, Trolley, Cameras, 


Pest A Binding Post Adaptor 
omputers and millimicrosecond oscillography. 


7 ///dddddéeédéddééédeedééeé/ 
Please write for full details to: 


M E.M.I. ELECTRONICS LTD. 
Y INSTRUMENT DIVISION * HAYES * MIDDLESEX * SOUTHALL 2468 
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For the largest 
Capacity systems 


(a) 960 speech circuits arranged (a) 300 speech 
in 16 supergroups or circuits or 
(b) 900 speech circuits (b) monochrome or 
arranged in 3 master-groups or colour tele- | 9 speech 
(c) monochrome or colour television vision (405, circuits 
(405, 525 or 625 line) or 525 or 625 line) 
(d) monochrome television 
plus sound channel 


G.E.C. offers a complete service 
from original survey to final commissioning 


445—475 Mc/s 


5 speech 
circuits 


Great difficulty has been experienced by Administrations in planning nation-wide radio networks employing 
one frequency band. By using broad-band radio equipment in two different frequency bands the problem 
of frequency allocation is greatly simplified. G.E.C. are now supplying two types of long haul radio system, 
one operating in the SHF frequency band and the other in the UHF frequency band, in addition to small 


capacity systems operating in the VHF frequency bands. The complete range is given below: 


132—156 Mc/s 
5925—6425 Mc/s 1700—2300 Mc/s | 156—184 Mc/s 
235—270 Mc/s 


71.5—100 Mc/s 
132—156 Mc/s 
156—184 Mc/s 
235—270 Mc/s 


5 speech 
circuits 


FOR TELECOMMUNICATIONS 


For further information please write to: 
THE GENERAL ELECTRIC COMPANY LIMITED OF ENGLAND 


TELEPHONE WORKS - COVENTRY - ENGLAND 
Works at Coventry, Middlesbrough, London, Portsmouth 


Smee's G.E.C. 77 


LE.E. PROCEEDINGS, PART B—ADVERTISEMENTS ( xvi ) 


Marconi in the 
Oil Industry 


OO fearon 
OM 


Cm 
Ss 


Complete Telecommunications Systems for 
survey teams, refineries, pipeline control and 
ship-to-shore installations, including telephony, 
telegraphy and teleprinter networks. 


MARCONI 


COMPLETE COMMUNICATION SYSTEMS — SURVEYED * PLANNED : INSTALLED : MAINTAINED 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLA} 
M. 


i 
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DELAYED PULSE 
AND 


SWEEP GENERATOR 


A versatile pulse generator 
designed to meet 

the need for a comprehensive 
instrument covering a 

wide range of pulse work. Four 
main facilities are 

provided: a pre-pulse, a main pulse 
delayed on the pre-pulse, 

a negative going sawtooth and a 
fast rising pulse 

formed from a pure line. 


BRIEF SPECIFICATION 


Period 


Continuously variable from 0-9usec to 
1:05sec i.e. 0°95c/s to 1°1Mc/s. Accuracy +5%, 


Pre-pulse 


40musec. 8V peak in 752, positive going. 


Main pulse 


Width: Variable from 0:09usec to 105msec 
45%. 

Amplitude: Control gives 4:1 attenuation of each 
of four maximum outputs as follows: 
5V maxin 75Q rise time 10musec 
10V max in 1500 rise time <20musec 
25V max in 600Q rise time <40musec 
50V max in 1000Q rise time 50musec 

Polarity: Positive or negative going. 

Accuracy: 2%. 


CINTEL 
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delaged putse and xweop generainc 


| MARUONETURLA By Rais evar G8 
Conca sem 


Delay 

Conclusion of pre-pulse to advent of 

main pulse, delay variable from 0:09usec to 
105msec. Accuracy +5%. 


Sweep 

D.C. coupled negative going sawtooth same 
width and delay as main pulse. 

15V peak max. 


Cable pulse 

Obtained from short circuited pure line. 

One positive and one negative going pulse 
coincident with main pulse. 

25musec wide 8V max in 75Q, rise time 
<8musec. 


Sync, trigger or single shot facilities provided. 
Full data available on request. 


RANK CINTEL LIMITED 
WORSLEY BRIDGE ROAD: LONDON :-SE26 
HITHER GREEN 4600 


Sales and Servicing Agents: Atkins, Robertson & Whiteford Ltd., Industrial Estate, Thornliebank, Glasgow. 
McKellen Automation Ltd., 122 Seymour Grove, Old Trafford Manchester,16. , Hawnt & Co., Ltd., 59 Moor St., Birmingham, 4. 
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JET CLEARANCE | 
WITH ONE RADAR 


mney 
HAALAALEALEEAHOESIOGLIST 
HEE 


WHATEVER THE TERRAIN-WHATEVER THE WEATHE! 


DISPLaY - | F/C. PPI. 
Unt $0.1010 


S.264A THE MOST ADVANCED AIR es ees 
TRAFFIG CONTROL RADAR IN THE WORLD Nie Ee 


Marconi 50 cm. Radar is immune from 
weather effects without polarisers 
and has a fully coherent crystal 
controlled MTT system. 


30 MARCONI 50 CM. RADARS HAVE 
BEEN ORDERED OR INSTALLED 
IN THE U.K., EUROPE, ASIA, 
AFRICA AND AUSTRALASIA. 


\) 
Yn, ‘s ; ; ww 4 vennicaL 
pate anes 210. ///y, My hie yy 150 RE-CENTRE 
200 mi Ww 
AuTe-curTen uh feel ae \ 160° Wontzomran 


COMPLETE CIVIL, MILITARY AND NAVAL RADAR INSTALLATIONS 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAN 
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NEW VINKOR SERIES 


A new series of Vinkor adjustable pot The world’s most efficient pot core as- 
cores has been developed by Mullard for sembly, the Mullard Vinkor gives a choice 
use in the frequency range 100 kc/s to of 3 permeabilities and has exceptionally 
2Mc/s. This series isin addition to the highly high performance and stability. Write today 
successful group already widely used for for full details of the wide range of Vinkors 
frequencies between 1 kce/s and 200 kc/s. now available. 


Mullard 


ADJUSTABLE POT CORE ASSEMBLIES 


fap MULLARD LTDiy COMPONENT DIVISION, MULLARD HOUSE, TORRINGTON PLACE, W.C.1, 
a MCI 


LE.E. PROCEEDINGS, PART B—ADVERTISEMENTS (xx) 


[ Plessey | MARK 6 | 


A new conception in high performance connectors 
with 6 outstanding features * 


+ Crimped connections 
36 =05-C 10%100 4 
Bayonet Coupling 

6 to 55 contacts 
Pressure sealed 


Oke as: is Bae 


1kV. all contacts 


The new Plessey Aluminium Mark 6 is an entirely new conception in electrical connectors — offering 
a greater number of contacts than the ubiquitous Mark 4 plus other singular features introduced to 
meet the exacting requirements of this modern age. 

To the aircraft and missile designer, it offers a considerable saving in weight plus efficient operation 
and dependable service over an extremely extensive temperature range. To the designer of electronic 
equipment it offers a high standard of performance with valuable space-saving dimensions. 

To all users of electrical connectors, the Plessey Mark 6 Connector constitutes the latest example 
of forward thinking design and unsurpassable efficiency from a Company recognised throughout the 
world as one of the leading manufacturers of high quality, reliable electrical connectors. 


WIRING & CONNECTORS DIVISION 
THE PLESSEY COMPANY LIMITED - CHENEY MANOR - SWINDON - WILTS - SWINDON 6251 


Overseas Sales Organisation: Plessey International Limited - Ilford Essex - Ilford 3040 


@cw: 
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BRADLEY 
BRIDGE RECTIFIERS 


INCORPORATING LUCAS SILICON DIODES 


. A new range of silicon rectifiers, suitable for 
single-phase full-wave 
bridge operation. Available in 
2A, 7A, 12°5A and 20A stacks, each with 
peak inverse voltage ratings of 


50, 100, 200 and 400 volts. 


: Dimensions 
Model No. (inches) 


IB320A 
1B321A 
1B323A 
1B326A 


1B320B 
1B321B 
1B323B 
1B326B 


IB510A 
1B511A 
1B513A 
IB516A 


ak od ok od 
NIENIRNIRNI= 


1B510B 
1B511B 
1B513B 
1B516B 


1B510C 
1B511C 
1B513C 
1B516C 


Joseph Lucas Ltd 


For further information and prices—apply to’ 


G & E Bradley Ltd 


SEMI-CONDUCTOR DIVISION. Telephone Gladstone 0012 
ELECTRAL HOUSE, NEASDEN LANE, LONDON, N.W.10. 


A Subsidiary Company of Joseph Lucas (Industries) Ltd. 


ee ee ee 
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Th CLASH ELECTRIC mounce the first 


HIGH VACUUM - 


VARIABLE. | 


CAPACITORS 


developed and 
manufactured in Britain 


The range comprises five types for operation in high voltage rf. 


circuits. All are tunable over an approximately linear capaci- 


tance range. High vacuum variable capacitors offer outstanding 


advantages over conventional air dielectric counterparts:— 


* Compactness relative to high 


con "| “ENGLISH ELECTRIC’ 


* Low self inductance and stray 
capacitance. 
3 Approx linear 


Shaft turns 
* No electrostatic dust precipi- | ©-E-Y- | capacitance 


. k |Max rf. 
in linear 


Max 
ok current 


tation on plates. type range (pF) capacitance (kV) cae 
* Easily demountable. 
U30/15 5—30 
Full informatio h U50/15 8—50 
ce if a ae the present U80/15 16—80 
ge is available from the | HQ 18 | 5.5—206 
address below: U200/10] 5.5—206 
Further types will be added to 


meet future requirements. * Up to 30 Mc/s t Up to 20 Mc/s 


ENGULUILS HH. EolL-E Ca R C8 Wy fei 


Chelmsford, England Telephone: Chelmsford 3491 | AGENTS THROUGHOUT THE WORLD 


AP172 


ta 
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ee 


SARA 


Ciara is 
phe 


crease cst ranrercoacehts 


seespiene sepecannpacos, 
EEE Es 
Ee 
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EE 


Patent applied for 


for all Transistor Circuits 


SP/ERC WE UC AT ON In line with the Erie policy of anticipating 
the component requirements of the future, the 

Diameter : 0.594 inches maximum Erie Transcap capacitor is now added to our 
ever-increasing range of components for use 

Thickness : 0.156 inches maximum with transistors. : 


Designed specifically as a small, reliable, 
high capacitance, low voltage, coupling, and 
by-pass capacitor, the Erie developed Trans- 
cap is manufactured entirely at our Great 


Capacitance : 0.5 mfd 


Tolerance : -20% +50% 


Working voltage : 3 volts d.c. Yarmouth factory. 
Style T, shown here in its actual physical 
Power factor: Not greater than 5%, when size, is but a forerunner of the wide range, in 
meceuiee aa ie and diff 1 d ; mei i 
ess than 0.9 volts iffering values and voltages, which wi 
Leakage resistance : Not less than 100,000 ohms, ‘ g bade) 
when measured at 3 volts ultimately emerge. 


a 


1, HEDDON STREET, LONDON, W.1 


> 
~ a Telephone: REGent 6432 
y/ | wf 
4M V/ FACTORIES 

Great Yarmouth and Tunbridge Wells, England: Trenton, 
R E R Ont., Canada: Erie, Pa., Holly Springs, Miss., and 

Hawthorne, Cal., U.S.A. 

L st D 


Registered Trade Mark 
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Lewcos insulated 
resistance wires 
have been used 
for many years 

for winding 
resistances for 
instruments, 
radio, 
control 
apparatus, 
etc. These 
fine and 
superfine 
wires meet the 

: demands of the 

ROC OEOC Tn SES Electrical Industry for 


Core eeoe es eeereeeSOseeeeeeeseeeereere 


"eteaisaelceenae ps saeeeesleee dearer dee < a high precision and 
SIRO ROE ee na NF eag Rar a SR aN excepecralinrorenics 


Supplied with standard coverings of 
cotton, silk, rayon, enamel and glass. 


e000 
Soe 


THE LONDON ELECTRIC WIRE CO. & SMITHS LIMITED LEYTON LONDON - €E.10 


° THE INSTITUTION OF ELECTRICAL ENGINEEF 
DCOLA, Soldering 


(Regd. Trade Mark) Instruments presents 


TRE 
INQUIRING MIN 


a film outlining the opportunities for a career 


ILLUSTRATED 


31, DETACHABLE BIT 
MODEL, List 64 

IN PROTECTIVE SHIELD 
List 700 


WIPING PAD REDUCES in the field of electrical engineering 
THE DESTRUCTIVE PRACTICE 
OF BIT FILING 


Producer: Oswald Skilbeck Director: Seafield } 


Commentator: Edward Chapman 


British and Foreign Pats. 
Reg. design, etc. 


Copies of the film may be obtained on loan by sch 
and other organisations for showing to audience 
boys and girls or others interested in a professi 
career in electrical engineering. The film is availab 
either 35mm or 16mm sound, and the running tin 
30 min. 


For further information apply Head Office: 
ADCOLA PRODUCTS LTD. 
GAUDEN ROAD 
CLAPHAM HIGH STREET 
LONDON S.W.4 
Tel: MAC 4272 & 3101 Telegrams: SOLJOINT SAVOY PLACE, LONDON, W.C.2 


Application should be made to 
THE SECRETARY 


THE INSTITUTION OF ELECTRICAL ENGINEERS 
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MARCONI'S WIRELESS TELEGRAPH COMPANY LIMITED - CHELMSFORD - ESSEX - ENGLAND 


Bé 
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microwave 


INSTRUMENTATION 


MULL LLL py, 


UNIVERSAL 
STANDING WAVE 
DETECTORS 


Capable of impedance measurements at any 
frequency within the range 2.60-12.40 kMc/s, 
thisinstrumentisastep towards meeting the 
demands created by the microwave engineer 
for a universal standing wave detector in his 
laboratory. 

The assembly comprises a universal probe 
carriage, which can be attached to any of a 
series of waveguide sectionsin bothstandard 
and non-standard guide sizes, and will 
measure to an accuracy of 0.5% of 
impedance. 


UPC10/16 WS 16 8.2 - 12.4 kMc/s £267. 10. 
UPC10/16 WS 15 7.0 - 10.5 kMc/s £267. 10. 
UPCI10/16 WS 14 585-82 kMc/s £287. 0. 
UPC10/16 WS 13 4.90 - 7.05 kMe/s £293. 0. 
UPC10/16, WS 12 3.95 - 5.85 kMe/s £302. 0. 
UPC10/16 WS 11 3.30-4.90 kMc/s £312. 10. 
UPC10/16 WS 10 2.60 -3.95 kMc/s £320. 0. 


separately. Price £200.0 


RSS SSS SSS SSS SSS 


This is one of a series of new 
instruments and components by 


a 


GROUP OF COMPANIES 


W. H. SANDERS (ELECTRONICS) LTD 


GUNNELS WOOD ROAD ° STEVENAGE: HERTS 
Telephone: Stevenage 981. Telex 82159 Sanders Stev. 


Price 
Carriage WGSection Frequency Range Complete 


* Note Carriage pare type UPCI10/16 may be purchased 


Goo ene nee ee ee sud LLddédddéddééés 


Ny 


eessssss 
eae aes ¢ BE -— 


power... 


for navigational aid 


Manufactures Include :- 
MOTOR GENERATOR SETS. 


HIGH FREQUENCY ALTERNATORS (400 TO 3,000 
CYCLES PER SECOND). 


ROTARY TRANSFORMERS & CONVERTORS. 
AUTOMATIC CARBON PILE VOLTAGE REGULATO 
TRANSISTORISED VOLTAGE REGULATORS. 


TRANSISTOR CONVERTORS. 


Visit us on STAND X 12 at the A.S.E.E. 
Electrical Engineers Exhibition, EARL’S 
COURT. March 
21st—25th 1961. 


Marine Radar 
Aerial Drive Motor 
at 3000 R.P.M. 
Outputs Yeo H.P. 
30 V.A. 3 Ph. 

115 V, 50 c/s 


en 


HHH WTON | 


ry 


— 


TZ 


NV \S 
| a BROS. (DERBY} | 


DE nas 


ALFRETON ROAD DEF 


PHONE. DERBY 47676 (4 LINES) GRAMS: DYNAMO, DERBY 
London Office: IMPERIAL BUILDINGS, 56 KINGSWAY W.C 2 


ZENITH 


(REGD. TRADE-MARK) 


Transformers 


Open shell 
transformers from 5 
up to § kVA to B. 
171/36, core type si 


phase and three pi 
air cooled and oil 
mersed, are include 
our range. May 
engineers assist your desi 


to solve that “one off” probl 


The ZENITH ELECTRIC CO. Li 


ZENITH WORKS, VILLIERS ROAD, WILLESDEN GR 
LONDON, N.W.2 


Telephone: WiLlesden 6581-5 Telegrams : Voltachm, Norphone, Li 


MANUFACTURERS OF ELECTRICAL EQUIPMENT 
INCLUDING RADIO AND TELEVISION COMPONENTS 


ERE RE LR SST SLE AEE SITIES SETS 
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INDEX OF ADVERTISERS 
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sociated Electrical Industries Ltd. Vv retest caso eimai a 
tomatic Telephone & Electric Co. Ltd. vi Joseph Lucas Ltd. Xxi 
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Bei Lid. xi Standard Telephones and Cables Ltd: IBC 
~ Fox Ltd. Telephone Manufacturing Co. Ltd. 
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neral Electric Company Ltd. (Semiconductors) 
neral Electric Company Ltd. (Telecommunications) xiv& xv Whiteley Electrical Radio Co. Ltd. XXVii 
ighes International Ltd. xxviii | Zenith Electric Co. Ltd. XXVi 


Mouldings and Electronic Components 


PLUGS AND SOCKETS 


The plugs and sockets shown are 
for use in underwater junctions 
or outside installations. Moulded 
in Alkathene the loading capacity 


is 350 volts at 5 amps. max. 


P.O. TRANSISTOR AMPLIFIER 


This P.O. Transistor Amplifier 
moulding is another example of 
potted components, the illustra- 
tion is of a development of a 
miniature version of theamplifier 
100A, this model utilising transis- 
tors to replace the miniature 


valves. 


SCREEN LINE TRANSFORMER 


This is an astatic wound A.F. 
screened line transformer with 
the windings encapsulated in 
epoxy resin. The insulation of 
the “‘line’’ winding provides iso- 
lation against voltages of 30 kV 
RMS. 


WHITELEY ELECTRICAL RADIO 


; 


CO LTD : MANSFIELD - 


MINIATURE BOBBINS 


Illustrated area range of moulded 
bobbin assemblies for small trans- 
formers and chokes. Moulded in 
Polystyrene or Polythene, they 


are available in various colours. 


PLUG-IN OSCILLATOR 


This fixed frequency oscillator is 
constructed on a standard octal 
base and encapsulated in epoxy 
resin. Output: 10 mw into a 
600 ohm load. Frequency: as 
required within the range 700- 
2000 c.p.s. sinusoidal. 


POLYTHENE MOULDED KNOBS 


We illustrate examples of our ex- 
tensive range of knobs moulded 
in Polythene. This particular 
series has been developed for the 
R.A.F. and was designed by us to 
enable cockpit controls to be 
recognised by touch. 


NOTTS 


WA/16 
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Type No. 


Continuous ratings 25°C 
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gold 
bonded 
germanium 


HG5003 is designed to meet CV7127 
Fast recovery and low hole storage 
High forward conductance 

Low reverse leakage 

High peak inverse voltage 


Made in Glenrothes, Scotland, the Hughes range of 
silicon and germanium diodes are subminiature devices 
with extremely stable electrical and mechanical 
characteristics. These diodes are specially designed 
and constructed to meet the most exacting require- 
ments of military or commercial applications. They are 
double wire ended and fusion-sealed in a subminiature 
one-piece glass envelope to ensure complete isolation 
of the active elements from damage or contamination, 
The small size, combined with rigidity of construction 
and small mass of the elements, enable them to 
successfully withstand physical shock and vibration. 


Qualified engineers in our Research and Development 
laboratories at Glenrothes are available to help with 
your application problems. 


Characteristics 25°C 


Max. Reverse Volts 


Max. Forward Current 


Max. Volts Drop Max. Reverse Curre 


HG5001 
HG5002 
HG5003 
HG5004 
HG5005 
HG5006 
HG5007 
HG5008 
HG5009 


Actual 
size 


Home and Overseas enquiries to: 


HUGHES 


KERSHAW HOUSE, GREAT WEST ROAD, HOUNSLOW, MIDDLESEX 


100 
70 
100 
70 
100 
70 
40 
40 
40 


80 mA 8 Vv @ 100mMA 


5uA @—50V 
80 mA 8 v @ 100mMA 5uA @—50V 
80 mA 8 v @ 100mMA 25uA @—50V 
80 mA 8v @ 100mMA 25uA @—50V 
80 mA 8 v @ 100mMA 50uA @—50V 
80 mA 8 v @ 100mMA 50uA @—50V 
80 mA 8 v @ 100mMA 5uA @—30V 
80 mA 8v @100mMA 25uA @—30V 
80 mA 8 v @ 100mMA 50uA @—30V 


INTERNATIONAL (U.K.) LTD 


HOUNSLOW 5222 


& Institution is not, as a body, responsible for the opinions expressed by individual authors or speakers. 
An example of the preferred form of bibliographical references will be found beneath the list of contents. 


| THE PROCEEDINGS OF 
HE INSTITUTION OF ELECTRICAL ENGINEERS 


EDITED UNDER THE SUPERINTENDENCE OF W. K. BRASHER, C.B.E., M.A., M.I.E.E., SECRETARY 


tr. 108. PART B. No. 38. 


MARCH 1961 


CENTRE AND GROUP CHAIRMEN’S ADDRESSES 


EAST MIDLAND CENTRE: CHAIRMAN’S ADDRESS 


The Institution of Electrical Engineers 
Abstract No. 3524 
Mar. 1961 


By Lieutenant-Colonel W. E. GILL, T.D., Member. 
‘TELECOMMUNICATIONS—SOME MODERN DEVELOPMENTS’ 
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rom a great variety of changes of equipment and practice, 
- or two examples will be given for each of the principal 
mtials of modern telephony, i.e. the telephone instrument, 
local line, the switching centre, the trunk network and the 
tnational link. In dealing with these items, the emphasis 
be on description as distinct from technicality. 


The Telephone instrument 


the two essential components of any telephone system, mainly 
carbon-granule transmitter and the electromagnetic receiver, 
fundamentally the same to-day as they were in 1880, and the 
aciples upon which they work seem unlikely to change in the 
sseeable future. Exhaustive study down the years has, how- 
r, secured enormous improvements, technically and aesthe- 
lly, among which may be mentioned increased sensitivity 
h less distortion, reduction in weight, a wide range of colours 
la decreased maintenance liability. 

fhe advantage of greater sensitivity does not lie in louder 
ech reproduction than that to which the user is at present 
ustomed ; this in itself, as’will be seen, could be an embarrass- 
Mt. It lies in the ability to obtain adequate speech volume 
r longer lines and in the great economies to be secured by 
izing lighter-gauge conductors on shorter lines. 

fhe source of power for a telephone transmitter is generally 
ived from the exchange batteries, and the current varies 
between the short and long lines. It is necessary to keep such 
jations within limits, and hitherto this has been done by 
ans of a barretter, which automatically adjusts its resistance 
uit the length of line. With the latest instruments, however, 
arretter alone cannot compensate for the wide range of line 
sti ce over which they will operate, and to avoid, on short 
8s, excessive loudness and possible acoustic shock, a line- 
Tent sensitivity regulator is included within the telephone 
trument itself. Basically, this automatic regulator is a variable- 
$ network made up from rectifier elements inserted in series 
i the transmitter. 

SO t-col. Gill is with the General Post Office. 
L. 108, Part B, No. 38 
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Adequate speech volume is only one of a number of require- 
ments to be satisfied, however; an equally important one is 
freedom from distortion. Very high-quality reproduction is 
practicable at a cost, but it would be quite uneconomic to 
provide anything better than that which ensures that speech is 
easily understood. For good-quality speech reproduction a 
telephone must transmit and receive over a frequency band of 
300-3 400c/s, which is, in fact, an international standard. Any 
increase in range above 3400c/s would mean increased costs 
without a proportionate increase in intelligibility, and therefore 
the latest instruments do not extend the frequency range but 
achieve a more uniform flat response which results in reduced 
distortion. 

Although the new instrument has a ‘new look’ in shape, 
weight, colour, cordage, printed as well as conventional wiring, 
gravity switch, ease of maintenance, the only additional item 
is the automatic regulator and the only great innovation is the 
use of a rocking-armature receiver in place of the magnetic 
diaphragm. The great increase in sensitivity is due almost 
entirely to the rocking-armature receiver, which, in effect, 
separates the magnetic and acoustical functions of the receiver 
itself. 


The Local Line Network 


Another essential item in the subscriber—exchange link is the 
local line, and with certain exceptions each subscriber requires an 
individual pair of wires directly connected to the exchange. 
Planning provides for bulk provision of these pairs by under- 
ground cable to selected distribution points in an exchange area 
and thence by short overhead or underground wires to the 
subscribers’ premises. 

Ideally there will always be a spare pair of wires available in 
underground ‘cable with only minor overhead construction 
required to effect a new connection. This ideal is achieved only 
if demand for service comes where expected and at the rate 
forecast. This does not always occur and can lead to either 
under- or over-provision, which in turn involves capital expen- 
diture or capital lying idle. This difficulty has been much reduced 
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by the introduction of a cabinet-pillar distribution-point 
flexibility scheme for the distribution network which readily 
permits diversion of cable pairs between terminal points. 

Essentially a cabinet contains a cross-connecting frame on 
one side of which is terminated the main cable pairs from the 
exchange. On the other side are terminated cables radiating 
out to a number of pillars and the cross-connection facilities in 
the cabinet permit selected pairs from the exchange to be put 
through to these pillars. Similarly, the pillars themselves are 
cross-connecting points permitting the use of any pair from the 
cabinet to be connected to cables radiating out to a number of 
distribution points. 

By judicious choice of cable sizes, maximum flexibility is 
obtained and fluctuation in demand is catered for more 
economically and efficiently. Economically because of reduction 
in the number of pairs required to be provided in the main 
cable—the most expensive part of the network—and because 
diversions of pairs at cabinets and pillars is cheap compared to 
diversion in cable joints. Efficiently because of speed and the 
removal of risk of damage in opening up the larger cable joints. 

The drive for economy in line construction is illustrated again 
by the introduction of lighter-weight copper conductors for 
cables. A 41b/mile copper conductor is now in general use, 
whereas the minimum previously employed was 641b, and it is 
anticipated that with improved jointing technique even lesser 
weights will be available in the not too distant future. This has 
been made possible by advances in equipment design, parti- 
cularly the new telephone instruments, already described, which 
have increased both the permissible d.c. signalling and trans- 
mission loop resistances of a subscriber’s circuit from 650 to 
1000 ohms. 

The economies to be obtained will generally be obvious, not 
least, with the increased length of line now obtainable, the 
possibility at some future date of a reduction in the number 
of exchanges. 

Some experimental work has also been carried out with 
light-weight aluminium conductors for cables, but until such 
time as a much simpler and improved jointing technique, both 
aluminium to aluminium and aluminium to copper, is available, 
copper seems unlikely to be displaced. The future of copper as 
the conductor is in fact reasonably assured, but that of lead as 
the sheathing medium is not so. The disadvantages of lead for 
sheathing are weight and susceptibility to corrosion and mecha- 
nical damage, particularly the last two when the cable is laid 
direct in the ground. 

Underground cables are in the main accommodated in single 
or multi-way self-aligning earthenware ducts, a method which 
facilitates the laying of cables and of replacement of existing 
ones. This method is, however, very costly, and there are many 
situations where a duct line is an unnecessary luxury. As stated, 
however, experience with lead-sheathed cables laid in this 
manner has not been at all satisfactory and special protective 
measures in the event can be as costly as provision of a duct line. 

The advent of plastics of the polythene and p.y.c. types pointed 
the way to a solution of this particular problem, with the result 
that lead is now being rapidly superseded as the material for 
the sheath of telephone cable. Furthermore, polythene has such 
excellent electrical properties that it is also replacing paper as 
the insulant for the wires in the cable. To date all local cables 
up to 100 pairs are of the all-polythene type, and the range will 
undoubtedly be extended. External cabling is the largest factor 
in the cost of providing a subscriber’s telephone and offers the 
greatest possibility of savings. The use of polythene is a most 
important measure towards realizing such savings. 

Polythene cables in the present range are appreciably less 
costly than corresponding lead-covered cables; there is little 
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difference in respective diameters; they are lighter, tougher 
more easily handled; they do not corrode readily; they ca 
drawn into ducts in lengths up to 1000yd or laid direct ir 
ground; and they are standard for use as aerial cables. T 
are, of course, disadvantages, the principal one being the f 
cation of the necessary joints, and this, until such time a 
improved moulded joint is made available, remains a diff 
operation. 

The present method employs an expanding-plug joint 
addition, because open-ended sleeves are employed for 
actual conductor joints, it is essential to prevent any water w 
may find its way through the cable sheath from entering 
actual joint, and this necessitates the fitting of water bar 
on either side—a tedious, rather difficult operation for whi 
special wax is employed. 

Regarding external plant, one radical change of practic 
worth mentioning and concerns the protection arranger 
for telephone subscribers’ circuits against lightning and 9 
extraneous voltages. With the exception of certain modificati 
the standard method of protection by fuses, heat coils and ca 
block mica-strip spark-gap lightning protectors fitted at 
the exchange and subscribers’ termination has remained virt 
unchanged since early in this century. Full protection, a 
practice to date, is still maintained at the exchange becaux 
segregation of completely underground circuits from ¢ 
which include overhead wires is a practical difficulty. 
subscribers’ premises, first heat coils were dispensed with enti 
and later protectors were omitted on wholly undergrc 
circuits or with circuits of four spans or less of open wire. 
change of practice involves change of location of the light 
protector at present fitted at the exchange termination. 

Research into lightning damage to cables has shown it 
great proportion of this occurs at the distribution point <« 
the cable leading to it. Such damage nct only causes se: 
interruption to service but is expensive to repair, and it fol 
that the place to give protection is at the immediate junctic 
the overhead and underground network, i.e. at the distribt 
point. 

This method, called pole-top protection, involves the inse 
of an electrode protector in each wire of a circuit at the d 
bution point. For routes of less than six pairs, these prote: 
are fitted into the existing terminal insulator, but for i 
routes they are built up into units and mounted directly or 
poles, a suitable earth lead being provided. These units re 
the existing block terminals. 

At the exchange termination a new fuse of the delay-a: 
type is provided which, in effect, combines the functions o 
present fuse and heat coil to protect the equipment agains 
effect of both small and large continuous extraneous curr 
Again, the economies to be obtained not only in mainten 
costs, but in saving in rack space in an exchange, will be obv 


The Switching Centre, or Telephone Exchange 


Amongst the many outstanding developments in this field 
are of particular interest: the move towards full autom: 
and the imminent advent of the all-electronic exchange. 

Dealing first with the electronic exchange, research and de 
field trials have advanced to the stage where some electt 
directors or register-translators have been in service for a nut 
of years and are giving eminently satisfactory results. Alsc 
experimental electronic exchange is being exhaustively test 
the Dollis Hill Research Station, which, although not a 2) 
exchange, has access to the London telephone exchange nety 
There is every probability that the first public exchange of 
type will be installed in London within the next two years. 
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The employment of electronics in exchange design will result 
smaller and less equipment, less building space, greater 
ability because of the virtual absence of moving parts, and 
imately reduction in initial costs. 

Furning now to full automatization of the telephone system, 
first move was taken in the 1920s with the decision to adopt 
, Strowger step-by-step system, and the final one came with 
» fairly recent decision to give subscriber trunk dialling 
ilities throughout the United Kingdom within a period of 
| years. 

it should be noted that the economies of telephone growth and 
age are the important factors dictating this decision. In fact, 
» telephone service has expanded from some 1 300 exchanges 
d half a million stations in 1906 to over 6000 exchanges and 
million working stations in 1960, of which 75°% already have 
tomatic facilities. The size of the problem is perhaps best 
licated by the fact that in 1959 some 340 million inland trunk 
Ils were made in the United Kingdom. 

Subscriber trunk dialling means precisely what it says—that 
y one subscriber in the United Kingdom can obtain by code 
ling any other subscriber in the United Kingdom. Already 
> way has been paved to the extent that mechanization of 
> trunk system has resulted in a large proportion of trunk 
lis being now set up automatically by the originating manual 
erator—the irreducible limit under manual conditions—and 
th the completion of the auto-trunk switching network at an 
fly date and the installation of the required auto-switching 
uipment, the way is clear for 100° automatization. 


The Auto-Trunk Switching Network 


A speech circuit over 25 miles in length is designated a trunk 
cuit. The increase in trunk calls already mentioned is, of 
urse, reflected in the increase of such circuits. There are, at 
ssent, some 25000 of them serving the public network, com- 
red with less than 2000 in 1920. 

At the beginning of the century, such relatively few circuits 
existed employed 800Ib/mile copper wires on the stoutest of 
les. With the introduction of inductive loading followed by 
iplifiers, a great reduction in weight of conductors was effected 
d the use of cable for trunk circuits was made practicable. 
In 1930, carrier current working was developed for use in 
ephone cables, and at present it provides 960 circuits on two 
axial pairs of in diameter with 6-mile spacing of repeater 
tions. The latest coaxial system at present under construction 
n cater for approximately 2000 speech circuits using two 
A coaxial pairs with a 3-mile spacing of repeaters. 

The trunk network is designed to ensure the most efficient 
2 of expensive line plant in terms of transmission and occupancy 
4 with the maximum economy in capital outlay. It must 
fer not only for heavy traffic between large cities but also for 
casional traffic from any one village to any other remote 
lage. 

In the basic layout of the system, traffic-collecting (‘marshalling 
td’) centres are employed. These are termed zone and group 
atres, this country being divided into 18 zones, each subdivided 
O a number of groups. Every exchange in the country has 
sess to a zone or group centre and therefore access to the main 
ink network. 

Standardization of transmission is achieved by ensuring that 
zone-to-zone and all zone-to-group speech circuits have 
actly equal characteristics. It should be stressed this is the 
sic system which is by no means rigid; but, in general, a group 
itre collects the trunk traffic, routes it via its own zone centre, 
‘ich is interconnected to every other zone centre, and hence 
any other required group centre, which in turn distributes it. 


; 
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The International Telephone Network 


Perhaps the most significant advance in the sphere of inter- 
national communication is the rapid development of the sub- 
marine telephone cable. Such cables are no novelty over such 
short distances as the English and Irish Channels, but up to 
1927 the field of long-distance communication had been firmly 
held by the telegraph since 1866, when the first transatlantic 
cable was successfully completed. 

In 1927, the radio circuit entered into competition and the 
first commercial telephone link between the new and old worlds 
was inaugurated between London and New York; and gradually 
the international radio-telephony network took shape to link the 
continents. 

By the early 1950s the limit on further additions to the long- 
distance radio-telephony network had virtually been reached 
because of exhaustion of frequency space, this applying, in 
particular, between America and Europe. Such radio circuits, 
however, although giving good service, are sometimes uncommer- 
cial because of atmospheric conditions. 

A passage in the Construction and Maintenance Contract 
signed by Lord de la Warr, the Postmaster General in 1953, on 
behalf of the British Post Office, which reads ‘... And whereas 
it is desired to provide a submarine telephone cable system 
between the United States and Canada on the West and the 
United Kingdom on the East ...’, is at once of historical signi- 
ficance and a milestone in electrical engineering vision and 
achievement. Known as the T.A.T. and completed in 1956, 
this project costing-some £15 million provided, for the very first 
time, speech circuits in cable between the two worlds. Thirty- 
five high-quality telephone channels became available, 29 to 
New York and 6 to Montreal, in addition to a telegraph channel 
to Canada and maintenance circuits, to assist in meeting the 
ever-increasing demand on traffic capacity. 

Technical progress in the design and construction of submerged 
repeaters, together with great improvement in mechanical design 
of the structure of the cable itself and application of the technique 
of carrier working over coaxial paths, made this achievement 
possible. Apart from the complex links connecting the shore 
ends of the cables to the switching centre, it is a measure of the 
task and of the confidence of all concerned that the project 
involved the manufacture and laying of 4500 miles of submarine 
cable and 146 submerged repeaters, built to withstand laying 
hazards and water pressures at depths exceeding 24 miles and 
whose components are required to have at least a 20-year life 
without attention. This is perhaps the most critical of all the 
applications for which electronic components are used. 

Briefly, the deep-sea cable link consists of two parallel single 
coaxial cables each incorporating 51 repeaters, the shore termi- 
nals being at Oban, Scotland, and Clarenville, Newfoundland. 
Each repeater is equipped with some 300 electronic valves and 
6000 other components; and the repeaters are energized from 
shore-end-fed direct-current supply over the centre coaxial 
conductors at voltages up to 6kV. 

Such was the immediate commercial success of this cable that 
in September, 1959, a second cable, designated T.A.T.2, was 
opened for service. This links New York with Paris and Frank- 
furt, with a deep-sea link terminating at Clarenville, Newfound- 
land, and Penmarch, France. 

Yet another transatlantic system, the T.A.T. 3, is at present in 
the planning’ stage, for completion in 1963, providing an addi- 
tional 128 circuits between the United Kingdom and the United 
States. Another such project of immense importance is the 
Commonwealth round-the-world telephone cable, construction 
of which has already commenced. It is over some 32000 miles 
in length, and will cost £88 million. The first section, known 
as Cantat, will be in service in 1961, with a 60-circuit capacity 
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linking directly London with Quebec and Montreal. This will 
be followed by project Compac between Canada, Australia and 
New Zealand. 

Cantat is a radical new type of deep-sea cable—the ‘light- 
weight’—an unarmoured cable carrying the strength member in 
the form of a high tensile steel strand at the centre, within the 
inner conductor of the coaxial pair. The ubiquitous polythene 
is utilized for the overall sheathing, and the overall diameter is 
exactly the same as the armoured type used for T.A.T. 1 and 2. 
The circuit capacity is 70°% greater than that of the T.A.T. 
systems; both ‘go’ and ‘return’ channels are carried in the same 
cable, so that only one cable is required instead of two, with 
fewer repeaters. This is a much cheaper system to install and 
maintain. However, because of the risk of damage to such 
a cable at shallower depths, armoured cable will continue to be 
used up to 500 fathoms. 

This particular aspect cannot be left without brief mention of 
time assignment and speech interpolation. In any telephone 
conversation over a 4-wire ‘go’-‘return’ channel the complete 
circuit is occupied for only half the time, and by the addition 
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of suitable equipment the circuit capacity could theoreticall 
doubled. A high-speed selection and switching device, d 
nated time assignment and speech interpolation, has | 
produced and has already resulted in increasing the ci 
capacity of the existing T.A.T. 1 and 2 systems. 


I have touched briefly and in non-technical language on a 
of the numerous interesting and far-reaching development 
telephony; hardly a day passes without news of yet more. 

The scientists operating Jodrell Bank announced, alr 
casually, in 1959, their success in transmitting both telegi 
and speech messages from there to America via the moor 
half-million-mile link. 

The very thrust of economic development of the world at ! 
with its ever-increasing populations creates a continuous 
growing demand for rapid, efficient and inexpensive comm 
cations of all types. Telecommunication is essential to : 
development and growth, and this branch of electrical engines 
must always be ahead of, and not just content to keep up ¥ 
the pace of the modern world. 
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SOUTH MIDLAND CENTRE: CHAIRMAN’S ADDRESS 
By Brigadier F. JONES, C.B.E., M.Sc., Member. 
‘THE GROWTH OF THE TELEPHONE SERVICE’ 


(AsstRAct of Address delivered at BIRMINGHAM 3rd October, 1960.) 


The telephone service, like other branches of electrical 
engineering, owes its growth to the increasing pace of technical 
development which has taken place in the last half-century, and 
like them it has had profound effects in industry, in commerce 
and in our daily life. In offering a direct and immediate means 
of communication by word of mouth rather than by transmission 
of a written message, however, it has altered the outlook of the 
individual in a more fundamental way. Thus the growth of the 
telephone service at first depended mainly on the readiness of 
the public to accept this change in outlook, and up to the early 
vears of this century the growth of the telephone habit tended 
to be slow in Europe but much more rapid in North America. 


In 1910, the number of telephones in use in the United States, 


was about 8 million, but was less than half a million in this 
country. 

Soon after this date, however, the era of rapid technical 
advance began and two developments tock place which opened 
the door to an almost unlimited extension in the range and scope 
of telephone communication. The thermionic-valve amplifier 
began to be used in the cable network, and soon after the First 
World War a systematic programme of converting local manual 
exchanges to automatic working was inaugurated. As the valve 
amplifier extended the possibilities of trunk communication, so 
the automation of telephone exchanges removed the limitations 
imposed by manual operation on the size of the system. The 
steady progress made in the following decade in these applica- 
tions resulted in an immense increase in capacity. The replace- 
ment of overhead routes by repeatered cable was later supple- 
mented by multi-channel carrier systems, and just before the 
last war some progress was made with coaxial cables. At the 
same time, automation of local exchanges permitted an extension 
of capacity free from manpower restrictions. Under these 
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circumstances, the facilities for growth soon began to out: 
demand, and in the early 1930’s efforts were made with : 
siderable success to stimulate demand by the incentive of redi 
rentals and call charges. 

The outbreak of war in 1939 put a stop to all growth as fz 
the public service was concerned. Demand suppressed du 
the war therefore accumulated to be released in a surge w 
followed immediately afterwards. It has been met by a r 
increased rate of installation, and the number of subscribers 
more than doubled since the end of the war. Even now. 
have not yet everywhere achieved the position of being ab! 
provide service for all our customers. Progress in the tas 
overtaking these arrears and in providing plant and equipr 
on such a scale that service can be given to anyone immediz 
on demand has been handicapped by limited capital resow 
The greater part of capital expenditure on the telephone ser 
is taken up by external cable plant, and various expedients } 
been introduced to make the fullest use of it. The most im 
tant in its effect on the public has been the adoption of shi 
service, which, though not universally popular in this cour 
has succeeded in giving service to many who could not other 
have had it. Experience has shown this form of service t 
quite acceptable by the great majority of sharing subscribers. 
total number of whom exceeds one million. 

The proportion of the time during which the average reside 
subscriber’s line is in use is very small, and another de 
known as the ‘line connector’ is now being developed, w 
enables the high proportion of free time during which the 
is unoccupied to be exploited more fully. The idea is to ex’ 
the common-user principle on which exchange equipmer 
provided to include the subscriber’s line by the insertion in 
local distribution system of switching equipment which ena 
any one of a number of subscribers to be connected to a 
line to the exchange when making a call. In this way 
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scriber has the exclusive use of the exchange line during his 
, and a grade of service can be given equivalent to that of the 
hange as a whole while making the most effective use of the 
plant. 
he rapid increase in the number of subscribers has not been 
ched by a corresponding increase in telephone traffic, and 
calling rate, i.e. the number of calls per telephone, has shown 
arked decline over the last forty years. The explanation lies 
he increasing proportion of residential lines, which are used 
eneral much less than business lines; and to stimulate greater 
of the residential telephone the cost of local calls has 
tly been reduced. Trunk traffic, on the other hand, shows 
se More in proportion to the increase in the size of the system 
has been rising at an average rate of about 5°%% per annum; 
r the last two years the annual rise has been 10°% 
n order to cater for this growth the network has been 
forced mainly by the construction of coaxial-cable systems 
ing the main centres. Each coaxial-cable tube is capable 
ransmitting a minimum of 600 telephone channels or one 
vision channel, and on some recent systems, more frequent 
cing of repeaters has enabled many more channels per tube 
ye derived. 
n the last few years, radio links, operating in frequency 
ds up to 30Gc/s, have been used increasingly to augment 
trunk network, and a main north-south system of radio 
ss is being planned which will provide several thousand 
phone channels. 
Auch work is now being done on the use of circular waveguides 
long-distance transmission, and the possible development of 
ems which will allow frequency bands of the order of 
Gc/s to be used for commercial transmission opens up a 
spect of increasing the number of available channels to 
ay times that provided by the systems at present in use. 
Vhile the long-term process of converting the local telephone 
fice to automatic working is still proceeding, the introduction 
4utomation to the trunk service has been undertaken in the 
10 years. It has followed two stages. The first stage was 
installation of automatic equipment at trunk centres, so that 
dialling through this equipment the controlling operator can 
up the trunk call directly and without the assistance of any 
et Operator. 
he second stage for complete automation requires the replace- 
it of this remaining operator by apparatus which is capable of 
rying out automatically the functions of routing the call to 
required number and applying the appropriate charge for the 
according to its distance and duration. Trunk dialling by 
scribers has already been introduced at some exchanges, and 
present programme provides for its extension over most of 
country within the next 10 years. 
Inder subscriber trunk dialling a method known as periodic 
ering is used for the automatic recording of timed calls, and 
subscriber’s meter, hitherto only used in registering local calls, 
mployed for trunk calls as well. The unit charge for trunk 
ocal calls is the same, namely 2d., but the time allowed varies 
ding to distance. Thus, over the maximum distance the 
= allowed for the unit fee is only 12sec, while for shorter 
ances the time interval is progressively longer up to a period 
ymin for a local call. 
he obvious advantages of subscriber trunk dialling are speed, 
that the subscriber can dial direct instead of seeking the 
ices of an operator, and cheapness, in that the effect of the 
‘system of charging is that a short-duration call over the 
yest distance can be had at a very much reduced rate. Present 
mates of the rise in trunk traffic attributable to subscriber 
ik dialling at those exchanges where it has already been 
oduced indicate a rise of 40%. 
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In recent years many developments have taken place in the 
field of electronics. One of these has been the application of 
electronic means of switching in telephone exchanges in place 
of the electro-mechanical method on which the present system 
in this country is based. The elimination of mechanical moving 
parts, with their inherent liability to wear and tear, and their 
replacement by electronic impulses offers obvious advantages, 
one of the most important of which lies in rapidity of operation. 
Quicker operation means a saving in equipment, with corre- 
sponding savings in accommodation and maintenance. 

The rapidity of electronic switching can be exploited to enable 
a number of telephone calls to be transmitted over a single 
channel by allotting to each call in turn a very short period of 
access to the channel. The system, which is known as time- 
division multiplex, is employed in the design of an electronic 
exchange soon to be opened at Highgate Wood in North London. 
The principle is not new and has been applied in the past in 
telegraphy, but for the purposes of telephone transmission a 
frequency of switching is required which can only be achieved 
by electronic methods. Thus, if a subscriber’s line is connected 
to a transmission channel for a period of 1 microsec, and if the 
connection is repeated 10000 times per second, speech can be 
transmitted over the channel without apparent discontinuity or 
distortion. Since the subscriber is only connected for 1 microsec 
in 100 microsec, it is possible to transmit 100 calls simultaneously 
over the same channel. 

So much progress has been made in the application of elec- 
tronics to the telephone service that the first subscriber-trunk- 
dialling installation at Bristol incorporated routing and charging 
equipment of electronic design. 

An even greater saving in space requirements is achieved by a 
later design of equipment employing a magnetic-drum technique. 
In this type the information can be recorded and stored on the 
surface of the drum by the formation of minute magnetic cells. 
Because of its small space requirements, this equipment is 
particularly suitable for centres where heavy traffic is to be 
handled. 

Automation is also being applied to the preparation of sub- 
scribers’ accounts. The manpower involved in this work is 
considerable, and at present the cost of rendering a subscriber’s 
account is 10s., accounts being rendered twice yearly. With 
the introduction of subscriber trunk dialling and periodic meter- 
ing, all calls will be billed together, with no means of identifying 
charges for individual calls, and the rendering of accounts 
at more frequent intervals is therefore desirable. Quarterly 
accounting is, in fact, being introduced with subscriber trunk 
dialling. Machine methods of preparing accounts have already 
been introduced, and developments are in hand for the applica- 
tion of electronic methods to accounting processes. 

Progress in the application of electronic techniques has been 
bound up with the transistor, one of the most important recent 
developments in its probable effect on the future of telecom- 
munication. To the advantages of electronic methods mentioned 
above, the transistor adds large savings in power equipment and 
consumption; for this reason and because of the minute dimen- 
sions of the transistor itself, reduced costs follow in accommoda- 
tion and maintenance. Moreover, these considerations allow 
of the siting of equipment in places not otherwise accessible. 

Provided that transistors are shown to retain their charac- 
teristics without variation over long periods, there is a wide 
field for their application to submarine cable systems. The first 
transatlantic telephone cable with intermediate repeaters using 
thermionic valves was laid four years ago, a second has already 
been laid, and others are being planned. A beginning has also 
been made on a Commonwealth cable system linking the United 
Kingdom, Canada and Australia. 
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The limitation of frequency coverage and therefore of the 
number of circuits which can be provided by a submarine cable 
link is imposed by the degree of amplification which can be 
introduced, and this in turn is limited by the power which can 
be fed along the cable to supply the intermediate repeaters. It 
is here that the introduction of transistors holds out the possi- 
bility of including many more intermediate repeaters, and 
therefore greatly increasing the circuit-carrying capacity of the 
system. 

At the present time, on the one hand, we have the potentialities 
for growth and expansion of the telephone service provided by 
the technical developments described above, and on the other 


CENTRE AND GROUP CHAIRMEN’S ADDRESSES 


hand, both demand for telephone service and trunk traffic 
tinue to rise. ‘The former has evoked a reassessment of telep! 
growth to an estimate of double the present number of teleph 
by 1975, and it is likely that even this will be exceeded. 
The rise in trunk traffic is even more marked, and y 
present and projected facilities may seem adequate to cope 
growth in the near future, new developments are arising tc 
the resources of the trunk system. The number of char 
required by television will undoubtedly continue to grow, 
the increasing application of computer and data-processing | 
niques, whereby information is transmitted over telephone 
cuits to centrally situated computers, may make heavy demz 


The Institution of Electrical Engi 
Abstract No. 
ar. 


CAMBRIDGE ELECTRONICS AND MEASUREMENTS GROUP: CHAIRMAN’S ADDRESS 
By H. V. BECK, M.A., B.Sc., Associate Member. 
‘DESIGN PROCESSES FOR ELECTRONIC EQUIPMENT’ 
(Asstract of Address delivered at CAMBRIDGE 6th October, 1960.) 


The word ‘design’ is capable of many different interpretations. 
In an engineering context, design processes are concerned with 
the technical as well as the aesthetic aspects of a final product 
and form part of a larger evolutionary process which leads from 
originator to user. In the commercial field, pre-design 
activities such as market research and the drawing up of con- 
tracts culminate in a specification which more or less forms the 
starting-point of the design processes, while the end can be 
taken as the point at which the design team is concerned only 
with the handing over of information to enable the post-design 
activities, such as production and sales, to go forward. In the 
research field, the evolution of electronic equipment follows 
an analogous pattern. 

It is an advantage for the designer to enter into the pre-design 
activities and to write the specification, since this will give him 
background ‘information that will be useful when borderline 
design decisions have to be made. He should also keep the 
whole evolutionary chain under active observation before and 
during the period of design and be ready to make modifications 
if significant changes, e.g. in production methods, occur. 

A specification is a statement of the essential features of the 
finished equipment. The electrical characteristics, ambient 
conditions, geometrical limitations and factors bearing on the 
post-design phase and past effort and experience are all explicitly 
or implicitly part of the specification. Thus a large number of 
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parameters are put into a melting pot and the designer’s } 
to synthesize these parameters, giving to each an em» 
appropriate to the application of the particular equipr 
Concurrently the limitations of the human mind and the req 
ments of production make the division of equipment 
manageable units an essential part of the design process. 

It is not feasible to carry out a completely objective synt 
of a large number of parameters embracing different discip| 
a subjective process is also necessary. The designer draw 
his own knowledge and experience, supplemented by 2a: 
from his colleagues and information from the literature 
evolve a rough appreciation of the way in which the desigr 
work out. He then examines the divisions individually ar 
a whole in more detail, and by constant reference to the ; 
metric pool and re-examination, a satisfactory design eme 

Electronic techniques being very flexible, the designs 
constantly faced with a large number of alternative paths, 
he must judge and decide on which to follow rather than a 
the more objective course of evaluating each alternative ag 
the initial specification. Thus there is introduced a cre 
process—judgment and decision on incomplete information 

The objective approach, although difficult, should perhaj 
given greater emphasis. There is on the whole too much rel 
placed on the subjective and creative processes, so that elect 
equipment design is in danger of becoming an art rather tt 
fusion of art and science. 
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THE FUTURE OF ELECTRICS AND ELECTRONICS IN AIRCRAFT 
By The Rt. Hon. The VISCOUNT CALDECOTE, D.S.C., M.A., Associate Member. 


(Lecture delivered at a joint meeting of THE INSTITUTION and the RoYAL AERONAUTICAL Society 11th November, 1960.) 


(1) INTRODUCTION 
he importance of electricity—in the widest sense—in aircraft 
missiles to-day needs no emphasis: Sir George Edwards said 
ntly, ‘The electrical system is now a fundamental part of 
aircraft and without it it cannot fly’, and, of course, the 
Jance system of any missile is, in the absence of the human 
iputer, even more completely dependent on the reliable 


high reliability and be content with 80-90% reliability of the 
missile system. In this connection it must be appreciated that, 
to achieve a reliability of 80% in a missile containing 2000 
components, it is necessary for component reliability to be of 
the order of 1 in 10+. The reliability related to the numbers of 
components is shown in Fig. 1. Thus in any modern aircraft or 
missile reliability of electrical systems is of vital importance, and 
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Fig. 1.—Reliability of a missile related to the number of components. 


ctioning of thousands of electrical circuits. At present there 
one important difference between aircraft and missiles. In 
‘aircraft the electrical devices must be so designed that at 
rst no single failure will be catastrophic; either it must be 
sible for the human crew to take over or the circuit must be 
quately duplicated and in the event of failure ensure imme- 
te transfer of the function to an alternative circuit. In the 
sile, however, it is normally impracticable to provide duplica- 
a Which would be of any value, since the failure of any part 
the guidance and control system will prevent the completion 
the mission. So we have to depend on using components of 
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in the manned space vehicle of the future this will be even more 
critical. 
There is no need to remind such a distinguished audience as 
this of the past history of the use of electricity in aircraft, and 
you will certainly not wish to be taken through a long historical 
review. Suffice it to say that, from the first installation of simple 
radiotelegraphy sets and the application of batteries and wind- 
driven generators for the lighting of aircraft lamps, the use of 
electrics and electronics in aircraft has reached the stage when 
large aircraft now have up to 200kVA of installed power which 
drives such vital equipment as power controls, fuel pumps, air- 
conditioning, radio, navigation and flight-control systems. 
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It is important to recognize the unity of electrics and elec- 
tronics. While power generation in aircraft was in the past a 
purely electrical matter, many electronic techniques are now used 
in its control, and in both aircraft and missiles it is difficult to 
draw any hard dividing line in a spectrum of devices from power 
generation to strictly electronic radio equipment. The central 
thread in this spectrum is the steadily increasing complexity of 
all the devices and techniques. It is apparent that, as the per- 
formance of aircraft increases and as the air-space fills up, there 
are more and more functions which the human operator cannot 
control unaided; in fact, there are many which he cannot control 
at all, and electronics and electrics must come to his aid. Their 
function is not merely a convenience to relieve the operator of 
much of his work, but, increasingly, to do jobs which he cannot 
do unaided. Having released ourselves from the limitations of 
a human operator, we now find that we can do much more than 
assist him—we can virtually disconnect his muscles and his brain 
and at our convenience distribute them in a way that enables us 
to obtain information and to perform operations previously 
inaccessible. This, therefore, is where we stand to-day. Pro- 
gress demands that both manned aircraft and guided missiles fly 
higher, farther and faster; in the host of new problems which 
arise from these demands not the least are those associated with 
weight and space saving, with safety, reliability and regularity 
of flight, particularly in adverse environments, and with heat 
transfer associated with high-speed flight. 


(2) POWER GENERATION 


It is, I think, convenient to start this general survey with power 
generation. For manned aircraft four systems have survived 
from the variety which have been used since the advent of the 
engine-driven generator less than 30 years ago. These are: 

The 28-volt d.c. system. 
The 112-volt d.c. system. 


The 200-volt 400 c/s constant-frequency system. 
The 200-volt variable-frequency system. 


Each of these systems has survived because on balance it has 
advantages over competitive systems: it is an example of survival 
of the fittest. While prominence is often given to the extremes 
of operation, we must not lose sight of the need for simpler 
systems in light aircraft and other short-range passenger-carrying 
aircraft. For many of these the 28-volt d.c. system will continue 
to provide an adequate and economical arrangement, especially 
since developments have now allowed the use of semiconductor 
regulators with or without magnetic amplifiers, and the advent 
of the brushless generator has eliminated problems of brush 
wear. The high currents in such low-voltage d.c. systems, 
however, will limit their power to about 12kW per channel, 
and we must beware lest the attractive developments now 
possible do not introduce complexities which will detract from 
the basic economy and reliability of these systems. 

The 112-volt d.c. system is used in some of the earlier 
V-bombers, but it has several disadvantages inherent in relatively 
high-voltage d.c. systems, such as radio interference, arcing at 
contacts and difficult fault clearing. In view of the recent 
developments in a.c. supplies it is unlikely that this system will 
survive. 

The details of the 200-volt 400c/s constant-frequency systems 
will be familiar to all those present; I would, however, like to 
mention one or two specific problems related to them. At 
present the first element in such a system is a hydraulic 
constant-speed drive or an air turbine. From the aircraft 
designer’s point of view it is most efficient to reject the heat 
generated in hydraulic drives at as high a temperature as possible: 
at present this is limited by the properties of the oil to about 
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160°C. Some further improvement in performance couk 
achieved by an increase in this temperature by the use of & 
oils. Since these units are now of proved reliability and en 
any number of channels to be run in parallel, some fu 
development in this or other directions to increase ~ 
power/weight ratio might well be worth while. Although 
next generation of civil aircraft will use this system, c 
constant-frequency systems using air turbines of one kin 
another are already in military service and seem likely t 
used in the future, especially in twin-engine aircraft where 
ability to operate in parallel is of less value. Quite receni 
constant-speed drive was demonstrated using an air m 
differentially to add and subtract speed between engine 
generator; it is claimed that this drive can also be used 
a ground air supply as a starter motor or as a motor to « 
the alternators when the engines are stationary. Exter 
development is, however, needed, since the air available | 
an engine at a sufficient pressure and quantity will be at a 
600°C; this may well prove to be as serious a limitatio 
practice as the temperature range of oil used in hydraulic d+ 

There are many obvious advantages of a constant-frequ 
system and the ultimate goal is to provide such a sy 
without the use of complex mechanical constant-speed ¢ 
with their associated governing and control problems, bui 
the ability to parallel channels when desirable—the so-«: 
variable-speed constant-frequency (v.s.c.f.) system. The, ad 
of the silicon rectifier and power transistors have made pas 
the development of static frequency-changers of comparat 
large power. These can form the basis of a system compr 
a brushless alternator, driven at engine speed, delivering 
power at variable frequency to a frequency-changer (contr 
by a crystal oscillator, tuning fork or tuned circuit) wi 
constant-frequency output. These v.s.c.f. systems are no 
the early development stages and seem likely to be lighter 
more reliable and efficient than any previous system. In ¢ 
respect they should be most suitable and should be availabi 
a supersonic airliner, provided that development is act 
pursued. 

The third system in current use is the wild-frequency 
system. With a brushless alternator this is basically one o 
simplest systems, but it is suitable only when a large propo 
of the load is resistive, such as is required for deicing and coo. 
Such a system can also supply power for a.c. motors and < 
current via rectifiers. Existing electronic equipment norr 
requires a constant-frequency supply, but the increasing u: 
semiconductors will encourage more use of direct cut 
This trend, coupled with increasing domestic and deicing 1: 
may well bring the wild-frequency system back into fa’ 
owing to its basic simplicity. 

In generators themselves the heat-transfer problem i 
important factor. The development of gallium-arsenide 
fiers at least opens the prospect of 300°C operation, and ° 
a high temperature for heat rejection has obvious advant 
there are serious electrical disadvantages. At 300°C wa 
reaching the limit of available insulating materials which | 
the requirements of mechanical strength, stability and 3 
and special precautions must be taken to prevent oxidati« 
the copper under the insulation. The relationship betweer 
density and field strength is shown for various temperatus 
Fig. 2. At about 400°C the magnetic properties of iron sté 
deteriorate, and it therefore seems likely that the upper: 
of temperature for the design of generators has nearly ' 
reached, and certainly considerable research into the o* 
optimum operating temperature is required. Reliable brus 
machines, both a.c. and d.c., are now in service, and thes 
likely to be steadily improved over the next decade withou 
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ig. 2.—Temperature variation of flux density with field strength. 


damental changes. At first sight the solid-rotor alternator 
ms to have many advantages: the rectifiers are stationary, 
fe is no rotating winding and the operating temperature is 
h. But experience so far indicates that these machines will 
heavier than existing ones, and there are many problems in 
struction, not all of which have been overcome. It is too 
ly yet to decide to what extent they will replace brushless 
shines with wound rotors, which are proving reliable and 
sient, but there are indications in America that the solid-rotor 
rnator is losing favour; further development and investigation 
squired. In particular, the increase in core weight with tem- 
ature (Fig. 3) raises a number of problems. 

lectrical power sources in missiles present a largely different 
blem. The alternatives now being used are direct current 
n rechargeable or single-shot batteries and alternating current 
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from alternators normally driven by hot-gas turbines. Recharge- 
able batteries or conventional dry batteries are inconvenient, 
owing to storage problems. However, modern single-shot bat- 
teries can be made with a good shelf life, and although they 
cannot be tested, do provide a reliable source of power and are 
being used in medium-sized missiles. Improvement in their 
performance, particularly in low-temperature conditions, would 
widen their application. 

A.C. systems are widely used, even for small missiles with time 
of flight less than a minute, and it is often convenient to use the 
prime-mover also to provide power for hydraulic pumps and 
actuators. 

For small and medium-sized missiles the relative advantages 
of alternators or batteries are fairly evenly balanced and the 
choice will depend on the particular requirements of each system. 
For larger missiles with long flight times and greater electrical 
power requirements, a.c. systems will predominate, while for 
space vehicles one of the more modern developments mentioned 
later in the paper will be used. 


(3) POWER DISTRIBUTION AND PROTECTION 


An important element in the reliability of the electrical system 
of an aircraft is the distribution circuit, together with its pro- 
tective arrangements. Owing to their relatively short flight times, 
these problems are less relevant in missiles at present, but will 
become vitally important in manned space vehicles of the future. 
Up to now, wiring and insulation developments have broadly 
kept pace with increasing aircraft performance, and ambient 
temperatures encountered in a Mach 2 aircraft can be met using 
existing insulators based on silicone-elastomer glass-fibre con- 
structions with fluoro-carbon insulators available for particular 
hot spots. For Mach 3 aircraft with high ambient-temperature 
conditions the use of wholly mineral-insulated cable and plugs 
and sockets with ceramic-insulated internals will be required. 
However, the mating elements of plugs and sockets already 
represent a temperature barrier, since migration and oxidation 
place a limit on silvered mating surfaces. These remarks apply 
equally to crimped connections, terminal tags and the like. 
Solid nickel surfaces in contact show promise, but the whole 
subject is one which requires intensive and urgent development, 
for in both aircraft and missiles plug-and-socket connections 
are a frequent source of unserviceability. Fortunately the 
advent of microminiaturization will lead to the combination 
of more units in one assembly, and therefore to fewer plugs 
and sockets, and to less wiring exposed to the extremes of 
environmental conditions. 

Protective and other switching devices also require consider- 
able development to improve reliability and reduce weight. 
Development in two directions is likely: sealed switches, relays 
and circuit-breakers filled with inert gas are being developed 
and in the lower-current ranges are already available, although 
the British equipment industry has lagged behind America in 
this field. Now similar development is needed on higher-current 
devices, such as circuit-breakers able to break fault currents of 
2000amp at 400c/s. Developments in the atomic-energy field 
are producing reliable sealed microswitches made of stainless 
steel and ceramics which will be of value to the aircraft designer 
for high-temperature applications. The ultimate aim must be 
to eliminate as many moving contacts as possible, and in the 
never-ending search for lightness combined with reliability the 
trend to replace relays and switches by semiconductor devices 
with no moving parts will continue. 

Ultimately, as new circuit and microminiaturization tech- 
niques become available, it will be possible to confine a greater 
proportion of electronic and electrical equipment to areas where 
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the environment is controlled and some of our present problems 
will disappear: until this time—which is many years away yet, 
at least for civil aircraft—development of components able to 
operate reliably in the ruling ambient condition must be 
continued. 


(4) COMPONENTS AND TECHNIQUES 


The progress which has been made over the past ten years in 
the development of electrical components and techniques has 
been of the greatest significance in both aircraft and missiles. 
Much of the stimulus has indeed come from the necessity to 
compress more and more complex circuits, first into military 
aircraft, then into guided weapons and now into space vehicles; 
this is one of the factors which make it essential for this country, 
not only to continue missile development, but now to take a 
substantial part in space research. Already civil aircraft and 
industry generally are benefiting from this progress; high- 
powered radar, Doppler techniques, semiconductors, computers 
and microminiaturization are a few examples. 

Of all these, microminiaturization probably has the widest 
application and is likely to have an increasingly important 
impact in the future. Developments are now proceeding along 
three distinct lines, namely the flat component, the flat circuit 
and the solid circuit. Three separate objectives can be dis- 
tinguished in each of these. First, the production of a high 
ratio of useful to parasitic mass and volume on the electronic 
parts; secondly, a minimum of internal hand-made connections; 
and thirdly an elimination of internal non-productive mass such 
as sockets, connectors, protective coverings, etc. 

The essence of the flat-component technique is to standardize 
the size and shape of allcomponents. For instance, components 
can be in the form of circular wafers which are stacked with 
interleaving insulating material, the circuit being formed from 
a stack of elements connected on the outside of the wafers. 
Such units are known as micromodules (Fig. 4). 


(bd) 


Fig. 4—Dummy modules. 


(a) Components of stacks. 
(i) 1620pF high-permittivity ceramic capacitor. 
Gi) 250 pF silicon-dioxide capacitor on glass. 
(iii) Resistance pattern on disc. 
(6) Complete modules (dummy). 


The flat-circuit technique involves forming complete cir 
on the surface of small insulating plates. Active elements § 
as transistors are inserted like minute aspirin tablets into rece 
and connected to the remainder of the circuit. 

The solid-circuit technique is probably the nearest to 
ultimate solution of the microminiaturization problem, the 
being based upon developments taking place in solid- 
physics. It has now been found possible to build on a si 
crystal of semiconductor material multiples of transistors, dic 
and resistors by suitably processing minute areas of the cr 
surface. Thus, a complete block of circuit is created on 
semiconductor material itself (Fig. 5). Application of the s 
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Fig. 5.—Solid-circuit all-silicon multivibrator. 


circuit is now being actively studied, but it will be many ¥ 
before they are an economic proposition in aircraft. 

However, the flat-components and flat-circuit techniques : 
well be developed rapidly over the next ten years, altha 
expert opinions differ on the relative merits of these two met 
The former can be used in development where the time # 
circuit design to manufacture must be kept as short as possi 
But the flat circuit is a less flexible technique and is more suit 
for application where changes in circuit techniques are 
likely, enabling the design to be frozen at an earlier stage, 
where a manufacturing process can be set up to make relati 
large quantities. The technical problems associated with @ 
two techniques are also somewhat different: whereas the n 
difficulty with the flat component is to make the side connecti 
the problem with the flat circuit is to produce a numbe 
different components, both reliable and to a close tolerance 
as to ensure that the completed circuit will be within specificat 

Other developments in this field which will become of im 
tance during the next decade are the parametric amplifier 
the mesa transistor. The former depends on the principle. 
energy can be injected into an LCR resonant circuit by var 
the capacitance at a suitable frequency. Its advantage is 
high amplifications can be obtained at very low noise le 
The mesa transistor takes advantage of diffusion technique 
obtain a very thin base width for the junction. These transis 
have an upper frequency limit of about 300 Mc/s at pres 
although the theoretical limit is much higher. For medium- 
low-power applications up to, say, 10 watts at 40 Mc/s they | 
an obvious future in all airborne electronic equipment. 

One of the newer semiconductor devices holding promise 
applications with a weight restriction is the Esaki, or tun 
diode. The versatility of this device is such that one tu 
diode will replace the r.f. amplifier, local oscillator, freque 
changer and first i.f. amplifier in a conventional receiver. ¢ 
the tuned circuits associated with these stages remain, wi 
great saving in weight and volume. The fast response of 
Esaki diode also makes it suitable for use in high-speed come 
systems. 

The importance of the development of new compone 
particularly those involving the microminiaturization techni 
which I have mentioned, cannot be over emphasized. At pres 
development in this country is not keeping up with that goini 
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road, and unless this trend is corrected our aircraft and missile 
signers will be seriously handicapped in the future, or will 
ve to rely more and more on imported components. 


5) FLIGHT CONTROL, NAVIGATION AND GUIDANCE 
SYSTEMS 
From the earliest days of flying the presentation of adequate 
sht information to the pilot has been of great importance. 
tially this was confined to crude readings of indicated air 
ced, height and fuel state, all from instruments operated 
ectly without the help of electricity. In those days there was 
and large plenty of time for the pilot to study carefully 
ormation thus provided and to make his decisions accordingly. 
Iw, increasing speeds have cut down the time available to the 
ot, particularly in the critical take-off and landing phases; 
th fuel consumption and the requirements of air-traffic control 
ve made accurate navigation essential for both safety and 
momic reasons; and the requirements for safe and accurate 
ing in bad weather have greatly added to the amount of 
ormation required to be given to the pilot by his instruments. 
This has led to the presentation of information to the pilot 
a more intelligible form in comprehensive and better inter- 
ited instrument displays, driven by relatively complex servo 
stems. So long as they work, these displays are excellent and 
| the pilot in the simplest terms what he should do. At the 
ne time, automatic pilots have been developed to provide more 
d more facilities such as i.l.s. coupling and altitude hold. In 
these fields developments will continue to provide smaller 
d lighter equipment, and above all, greater reliability. High- 
rformance heavy aircraft tend to have smaller safety margins 
take-off and landing than their predecessors, and this has led 
a demand for a take-off monitor and improved landing aids, 
rticularly in bad weather. Developments in both these spheres 
ll continue, and it is but a short step to fully automatic flight 
ntrol of all type of aircraft with the crew acting largely as 
itors and decision-makers when difficulties arise. 


(6) FLIGHT-CONTROL SYSTEMS 


It has been shown that, by using multiple systems and com- 
ring their outputs, a sufficient degree of safety can be achieved 
- the automatic landing of passenger aircraft. Automatic 
re-out and full automatic landing systems are being developed 
d excellent progress has been made—dquite sufficient to justify 
: provision being made for these systems in the VC1O and 
4121 aircraft—but it will be a number of years before they 
> in service. 

Controls for vertical take-off and landing (v.t.o.l.) aircraft, 
ich pose special problems of automatic stabilization, will 
tainly require a great deal of thought in the coming years. 
ecial attention is also required to produce a completely 
lable blind landing system for all types of v.t.o.]. aircraft to 
able them to land in any weather on a predetermined spot or 
am emergency in a ploughed field or similar unprepared 
ality. Only when this is possible can their full capabilities 
exploited. Another sphere in which development is urgently 
sded is that of heading references; at present this is the greatest 
tation to the accuracy of Doppler systems, and future 
felopments will be aimed at free or north-seeking gyro systems 
h long-term drift rates not greater than 0- 1° per hour, such 
are already being used for military purposes. 


(7) NAVIGATION SYSTEMS 


VOR has been the standard international short-range naviga- 
fal aid for a number of years and provides track guidance 
ng a selected radial to (or from) the VOR beacon. Following 
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a decision taken by the I.C.A.O. earlier this year, VOR has been 
supplemented by DMET, a distance-measuring system, to pro- 
vide full position information. There is little doubt, however, 
that the VOR-DMET combination is insufficiently accurate or 
flexible for high-density traffic areas, and some type of area 
coverage system will be needed in European terminal areas and 
the eastern seaboard of the United States. The Decca phase- 
comparison system could meet this need, but the necessary 
international agreement has not yet been achieved. No such 
agreement is needed for Doppler systems, and their very high 
accuracy over short distances makes possible their use in terminal 
areas; for this application they will need to be coupled to a 
pictorial display. 

Internationally speaking, there is no agreed long-range naviga- 
tional aid. Loran and Consol are both agreed as interim 
systems and, of course, a.d.f. is extensively used. But there is 
at present no satisfactory ground-based system providing world- 
wide coverage. Any system requiring a large number of ground 
stations in different countries leads to severe difficulties in 
implementation. Work has been going on for a number of 
years on low-frequency phase-comparison systems, which require 
relatively few ground stations, but there is still insufficient 
information on propagation characteristics to be sure that 
sufficient accuracy and reliability can be achieved. The use of 
navigation satellites is clearly a promising direction for future 
development, but for the near future self-contained aids, either 
Doppler, inertial or—more probably—a mixture of the two, look 
like becoming the standard systems. 


(8) COMMUNICATION 

Both in missiles and in manned aircraft communication of 
information in the widest sense is becoming increasingly impor- 
tant and complex. Signals derived from either outside or inside 
a system are invariably, to some extent, obscured or debased by 
background noise. Much development has been, and will 
undoubtedly continue to be, concentrated on systems which 
extract the maximum information from signals in the presence of 
noise, using a given bandwidth and in a given time, and on the 
development of low-noise signal-amplifying devices. 

While it would be dangerous to predict the most likely line 
of advance, there is no doubt that progress on the first of these— 
the detection of useful signals in the presence of noise—would 
be of very wide application. ‘The extraction of weak signals 
demands correlation techniques which are to some extent 
analogous to the problem of meeting a stranger at a railway 
station. If very little is known about the wanted person which 
can distinguish him from the crowd, the chance of spotting him 
is small; the more we know about him, the better the chance of 
distinguishing him. So it is with a signal submerged in a 
background of noise; if we know something about it we can 
correlate it with a replica of the expected signal and will thus 
be able to detect the presence of the expected signal in spite of 
the surrounding noise, just as we may detect a man with a limp 
and a white carnation ina crowd. These correlation techniques, 
however, demand extremely complex circuits containing numbers 
of matched filters, and the advent of semiconductors and micro- 
miniaturization will considerably help the designer in this difficult 
problem. These developments could make an important con- 
tribution in both missiles and the automatic transmission of 
information to and from aircraft. 

An extension to this technique was announced in September, 
1960, at the Symposium on Information Theory. Three Ameri- 
can scientists then described a new technique called ‘adaptive 
waveform recognition’ which has demonstrated the ability to 
detect signals buried in noise and to adapt continually the circuit 
parameters for optimum reception. 
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In the past much attention has been paid to the choice of 
frequency to eliminate unwanted interference and to achieve the 
most efficient communication channel. This search for new 
channels will continue at both ends of the frequency spectrum, 
such as the low-frequency navigation system referred to earlier. 
For short-range communication civil operators will probably 
continue to use the v.h.f. band at 50kc/s channel spacing, while 
the development of the u.h.f. band will continue for military 
aircraft. But for longer ranges h.f. single-sideband systems will 
steadily take over from double-sideband ones during the next 
decade, giving improved communication and providing more 
channels per band. Owing to the vagaries of the ionosphere 
and the severe electrical noise experienced, however, none of 
the frequency bands currently used for long-range communica- 
tion is ideal. The best final solution may well be the use of 
communication satellites allowing the use of v.h.f. and u.h.f. 
techniques. 


(9) DATA HANDLING 


Some reference must also be made to the particular problem 
of data transmission and processing, which are becoming of 
increasing importance; these will be discussed together, since in 
many cases it is convenient, not only to transmit data in a form 
different from that in which it is finally used, but also to combine 
this data with information derived within the aircraft or missile. 
The rising density of air traffic and the short flight times of guided 
missiles both pose the problem of rapid data transmission and the 
rapid transposing of this data into useable form. In the case of 
manned aircraft it is becoming quite outside the capability of 
human air-traffic controllers to assimilate all the information 
and to make the decisions necessary to ensure the safe and 
orderly flow of traffic. With increasing speed a similar problem 
is developing for the aircraft crew, and the automatic trans- 
mission, processing and display of information in a convenient 
form is becoming of great importance; this may well be followed 
ultimately by the direct control of the aircraft via a data link. 

The limits of development in accuracy and miniaturization of 
analogue computers are likely to be reached quite soon. Noise, 
drift and limited resolving power all contribute to this. Digital 
techniques, however, while offering unlimited accuracy, require 
increasing numbers of digits and consequent increase in circuit 
complexity. From the airborne standpoint, digital computers 
offer this accuracy at a very low power level and lend themselves 
admirably to miniaturization. The real limitation in this case 
is the time required for any problem to be resolved. In this 
connection the development of the digital differential analyser 
is of the highest importance, since it combines the high working 
speed of analogue methods with the accuracy and ease of 
miniaturization of digital techniques. A complete digital dif- 
ferential analyser comprises a number of integraters, multipliers 
and other units using digital techniques, which are connected 
together in analogue-computer fashion. The trend now in 
airborne navigation systems is to perform computation by 
digital differential methods, and this trend will continue for all 
types of special-purpose computers. 

I have concentrated on this need for computers because data 
processing is probably one of our greatest problems both on 
the ground and in the air, and it is growing rapidly. Large 
digital computers are needed on the ground for all the air- 
traffic-control systems being developed, while in the air, com- 
puters are used for flight control and air-data systems, 
navigation systems and, of course, in military aircraft for the 
attack and bombing functions. I believe there is a strong case 
for a central general-purpose computer which could handle all 
the work required in an aircraft, including such tasks as fuel 
and flight management. 
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(10) AIRBORNE RADAR AND COLLISION-WARNING 
SYSTEMS 

As the air space becomes more and more congested é 
average speeds increase, it is doubtful whether any air-traf 
control system will be able to ensure complete freedom fr 
tisk of collision. The development of a reliable collisi 
warning device is urgently required; it must be able to det 
aircraft which constitute a possible danger in time for 
relative motions to be analysed, and only those which may ca 
risk of collision should be brought to the pilot’s attenti 
Ideally, the system should search the surrounding air space a: 
in the light of the information obtained and the ‘rule of the roz 
should indicate clearly to the pilot the action required to be tak 
to avoid risk of collision. Already visual warning even in ge 
weather is inadequate, and until a reliable warning system, 
least, is available the hazard of collision will increase as the a 
big jets come into service. The problem is to provide a syst 
with sufficient coverage without an unacceptable weight a 
space penalty. Warious passive systems dependent on infra- 
radiation from engines have been tried, but so far with v 
limited success. 

Airborne radar devices can make some contribution to 
collision-warning problem, but it is exceedingly difficult 
arrange for them to cover more than a small arc; however, i 
can most easily be the forward sector, in association with clo 
warning equipment, and will give a useful measure of protecti 
The greatest need is for adequate display of the information < 
for an analyser to detect the potentially dangerous aircraft. 

This is not the place to discuss air-traffic-control problenis 
any detail, but there is one development in this field which 
in the future become part of a reliable collision-warning syste 
Usually, separate radar units are used for surveillance and 
tracking individual aircraft while they are guided to the fi 
approach point. The development of track-while-scan ra 
attempts to combine both these functions into one syst 
As the radar searches the sky, electronic gating techniques 
used to examine a selected volume of air space about a partici 
echo during each scan of the system. Repositioning the track 
gates at each scan enables the volume around the predic 
position of the echo to be examined and so enables the relat 
velocity to be extracted. This repositioning is accomplished 
computers, and the number of aircraft which can be tracke 
dependent on the number of computer channels. A sim 
system might well be developed for airborne collision-warn 
radar. 

Development will continue of higher-powered radar equipm 
both for aircraft and missiles, combined with even smaller ; 
lighter components. At present the necessity to have la 
ratios of dish diameter to wavelength to achieve narrow be: 
of high intensity to some extent limits the value of furt 
microminiaturization for high-performance radar equipmé 
Any developments to overcome this limitation, such as electric 
steered beams, would be of great value. 

Nevertheless, development will continue of devices capabl 
producing higher powers at higher frequencies. Probably 
magnetron has nearly reached the end of its development, . 
the time will soon come when a suitable memorial should 
erected to the British engineers who developed this small de 
which played such a vital part in winning the Battle of 
Atlantic and so saved this country in the last war. It is, h 
ever, likely to remain the simplest device for the productiot 
high-power beams of microwave frequency, and its use 
continue for a long time in airborne equipment where freque 
shifting is not required; where this is a requirement for s 
reasons as security or electrical beam switching, the amplifi 
klystron will take its place. 


CALDECOTE: THE FUTURE OF ELECTRICS AND ELECTRONICS IN AIRCRAFT 


: (11) MORE ADVANCED PROBLEMS 

No survey of this kind would be complete without reference 
the contribution which electrical techniques are making to 
> solution of the more advanced problems and ideas which 
> being actively tackled at this time. On the fringe of the 
bject under discussion is the whole field of gyroscopes, 
selerometers and other devices used in inertial-navigation 
stems. In addition to work on low-friction bearings using 
nventional principles, investigations have been under way for 
aumber of years into radically different designs of gyroscope, 
ch as gymbal-less gyros in which the rotor is supported with- 
t mechanical contact by means of magnetic or electric forces. 
charged body in a static electric field, or a magnetized body 
a Static field, has no stable equilibrium position, and in a 
ro using this method of support some form of pick-off is 
cessary to detect both rotor position and attitude of the gyro 
se relative to the stable platform. Of particular interest in 
> Magnetic suspension type is the cryogenic gyro which makes 
e of the property of superconduction in certain materials at 
ry low temperatures, and as such they are repelled by, and 
us can be supported by, magnetic fields without the need for 
vo control. The virtual elimination of frictional torque in 
ignetic and electrostatic gyros leads to very low drift rates. 
practical difficulty, however, is that the associated equipment 
r servo control or supercooling is considerable, while in the 
ctrostatic gyro it is the very smallness of the supporting force 
Lich leads to mechanical problems. 

An even more advanced idea is the particle gyro, which makes 
> of the angular momentum of rotating particles. The 
rticle gyro at first sight looks very attractive in that it may be 
tely electronic. So far, however, this device appears to have 
ogressed only as far as the initial research stage, and there are 
ny difficulties to be overcome. There is no doubt that some 
these developments will make rapid progress during the next 
) years, so making available gyros with very small drift rates 
table for inertia navigation systems in vehicles with long 
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times of flight, such as aitcraft and space vehicles. There will 
also be further progress towards miniaturization of both gyros 
and accelerometers. With regard to the latter, there are some 
interesting possibilities using the vibrating-string principle with 
electrical pick-offs or the piezo-electric effect in crystals, but at 
present the problems of stable operation in a changing environ- 
ment have not yet been solved. 

An important objective of these developments is to produce 
an output proportional to acceleration in a form suitable for 
digital processing. Another approach to this is the pulsed 
current-balance accelerometer, the success of which is dependent 
on the production of accurately repeatable current pulses at 
varying frequency. 

A considerable amount of study has already been made of 
devices for converting heat radiation energy and energy from 
radioactive isotopes directly to electricity. While at present 
confined to use in the more exotic forms of space vehicles, 
within the next decade they are likely to be applied to earth- 
bound aeronautics. In particular, considerable work is going 
into thermo-electric generation which could lead ultimately to 
an aircraft obtaining electric power directly from a hot gas 
source with very few rotating elements. It seems likely that 
such power would be fairly low-voltage d.c., and static con- 
version devices based on transistors and diodes would be required 
to provide power in an acceptable form. Nuclear auxiliary 
power units have been under investigation by the American 
Atomic Energy Commission for a number of years. An 
American manufacturer has built such a unit, called Snap 1, 
which develops 125 watts at 28 volts and is based on cerium 144. 
Owing to the shielding required, the power/weight ratio is very 
low, being 1 watt/Ib. It is reported that a 30 kW unit should 
be ready within five years. Basically, high energy/weight ratios 
are available for nuclear fuels—about 1000kWh/Ib compared 
with 1-2 kWh/lb for conventional fuels—but owing to practical 
problems of shielding, temperature of operation and overall 
efficiency of conversion, it seems unlikely that nuclear power 
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Fig. 6.—Trends in the performance of auxiliary power units. 
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sources will be used in aircraft for a long time, although they 
may have an application in space vehicles with very long “flight 
times’. 

Much work has been done over the past few years on fuel 
cells, in which electrical energy is produced direct from chemical 
fuels such as hydrogen and oxygen. The primary advantage of 
this source of energy is the high operating efficiency obtainable, 
and a refined fuel cell of this type could have great value in 
airborne applications, particularly for space vehicles. At 
present, power/weight ratios are low, but with development 
these are likely to be increased, making this source of power a 
practical and useful proposition. 

Solar-radiation power is already being used in satellites. 
With a solar-radiation density of 1-25 kW/m? in space it should 
be practicable to achieve outputs of 100-150 watts/m* using 
silicon cells of some 15% efficiency, and later 250 watts/m? with 
indium-antimonide cells of 25% efficiency. The performance 
trends in auxiliary power units are shown in Fig. 6. ; 

There are two other possible methods of airborne power 
generation which are at present only in the very earliest stages: 
the first is ‘flame generation’, which relies on the fact that 
there is an area on the edge of high-temperature flames which 
contains a high proportion of charged particles; the second 
depends on the principles of magneto-hydrodynamics, using the 
flow of a conducting fluid in a powerful magnetic field. 


(12) CONCLUSION 
But all this is looking fairly far into the future, and we must 
not let these dreams occupy our minds to such an extent that 
we forget the importance of our bread-and-butter business 
during the next five years. During this time the search for 
weight- and space-saving, for economy and—above all—for 
greater reliability of electrical and electronic systems, will con- 
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tinue unabated. Inevitably, complication will increase with 
greater dernands that we make on aeronautical vehicles of 
types, and the more complex the systems which we install 
aircraft, missiles and ultimately space vehicles, the greater is 
need to concentrate on reliability. This is not only for econor 
reasons, but also because the more functions which are carr 
out by electrical devices, the more dependent we are upon th 
for safety of the vehicles as a whole. So I believe that one 
the most important developments of the next few years, ap 
from the search for greater reliability itself, is the developm 
of comprehensive testing arrangements for all the electrical a 
other devices. Much has already been done in this direction 
missiles, and the experience should be used in aircraft to prov 
overall testing arrangements which will both detect a fault a 
diagnose the cause. This must be achieved without wholes 
breaking of connections which is in itself such a frequent cai 
of unserviceability. 

As more and more new inventions are produced it is becont 
clear that, unless there is substantial co-operative effort in 
western world, it will be very difficult for us to maintain ¢ 
competitive position against Russia and other countries wi 
are fast developing the techniques which have been our prese 
in the past. Even America will not be able to do everytix 
which is necessary by herself, and I am convinced that - 
more we can get together by technical exchange agreements 3 
such types of co-operation with American and European co 
panies, particularly in the field of component development. ° 
better it will be for all of us. 

Finally, I should like to thank all those who have helpec 
in the preparation of this lecture. J hope it will be of so 
value as a prelude to the discussions between the two societ 
and that it has provided a few points to stimulate the thoug 
of those who will take part in these’ discussions. 


DISCUSSION BEFORE A JOINT MEETING OF THE INSTITUTION WITH THE ROYAL 
AERONAUTICAL SOCIETY, 11TH NOVEMBER, 1960 


- Mr. C. G. A. Woodford: This lecture gives me great pleasure, 
particularly because I opened The Institution’s first informal 
discussion on electrics in aircraft during the early part of the war 
and gave the first of the series of papers on aircraft electrics to 
The Royal Aeronautical Society in 1945—a paper which has 
remained fairly prophetic about the development of alternating 
current for aircraft. Now, with the increasing need for the 
development and use of data-transmission units and com- 
ponents, I am in charge of the design of data-transmission ele- 
ments and servo components in the Admiralty for joint Service 
interests in that respect, and took a party to America for a 
symposium on the subject in the spring. We were then asked 
whether we knew what synchros the Russians were using and 
whether they were turning only to d.c. servos: the author 
referred to Russia at the end of his lecture. 

There are two matters upon which I should like to have the 
author’s comments. The first is the recognition now being 
given to the vulnerability of the wiring for digital systems. 
Whereas we might use five wires in a data-transmission synchro 
system, 15 would be required for digital transmission. We are 
facing this problem in ships, but conditions must be worse in 
aircraft in view of the multiplicity of wiring which will ensue 
from a large amount of digital transmission. 

Sir George Edwards: As one who has often complained that 
designers of electrical equipment are insufficiently aware of the 
problems inflicted on the aircraft manufacturer when their 
products prove unreliable or too costly, I think that this lecture 
is the most forthright contribution to this subject that I have 
heard. The author referred to the great new developments in 
technique which are going to be made during the next 10 or 


15 years, and he stressed that they must be accompanied by 
improvement in reliability. This has not always been und 
stood by those determined to get more amperes out of a squ 
centimetre. They have succeeded in outdoing their cc 
petitors on performance, but they have not always made 
same progress in terms of reliability. 

Having encouraged this joint approach by our two societ 
I welcome it very much. It has been very difficult over the ye 
to get the aircraft and electrical engineer to understand « 
another’s problems. Electrics in aircraft and missiles 
becoming increasingly complex, and we must accept this a 
continuing trend. There is nothing better than a joint appro: 
to the problem, and I hope that present progress will contin 
I think that such developments as automatic landing will emp 
size this. However, co-operation does not want to be confi: 
to a meeting such as this, because only a small part of the aire! 
and electrical designing interests are represented here. Th 
is a classic opportunity for the two societies, through tt 
branches, to make sure that this missionary work is carried 
wherever aircraft are made and electrical equipment is desigr 
I hope that the maximum possible impetus will be given to 
branches to repeat this sort of gathering. 

Finally, I should like to ask the author a question which sc 
may think is unfair. It is obviously going to be very difficul 
design equipment for increasing temperatures, because ne 
all of the author’s curves look like curves associated with d 
rises. Can the author estimate the relative difference betw 
the times it will take to design a set of, say, generating equipm 
to cope in sustained flight with civil reliability at Mach 2 an 
second set of equipment with the same reliability for Mach 3 
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Ar. est oe Eckersley: I was present when wireless telephony 
first transmitted from the ground to the air—the ground 
ag Brooklands and ‘the air’ being an aircraft travelling at 
ut 40m.p.h. Since then I have had a good deal to do with it. 
Yuring the pioneering days of commercial aviation, a senior 
cutive remarked to me: ‘You have to kill passengers to make 
ation pay’. Taken literally, the statement is horrifying; by 
lication it means that some degree of risk must be accepted. 
other words, is it possible to place too great an emphasis upon 
ability? Itis, of course, a matter of degree. The author has 
itly stressed the importance of reliability. May this not be 
ried too far and so discourage innovation? ‘Nothing 
ture, nothing have.’ 

Mir. J. E. Serby: My interest is in guided weapons, and I 
uld assure Mr. Eckersley that we are not afraid of ‘killing 
sengers’. Our problem is not to make the things so novel 
1 so unreliable that we add hopelessly to the cost of our pro- 
mme, and that is just as big a problem in many ways as that of 
ing passengers. I will come back to the question of cost ina 
ment. 

erhaps I might take up a specific point on which I am in no 
se an expert. The author mentions flat circuits, but when 
> tests such devices by putting them into the air, will one not 
handicapped by the long time and higher cost involved in 
Widing miniaturized circuits when they are reduced to that 
ent? 

[he topic of cost is really all-important, and the author knows 
s as well as any of us. Will not these same devices perhaps 
i more to the cost of a guided weapon than is justified ? 

| feel that one of the great things which our colleagues in the 
ctrical and electronic world could do would be to produce 
y same reliability in a range of articles which cost far less. 
erything in a guided weapon is expensive. The result is that 
s extremely difficult to provide the Service departments with 
many of the missiles as they want, and to a large extent this is 
vause we are insufficiently cost conscious. 

Dr. H. M. Wilson: The author quotes a reliability target of 
ne 80-90°%% for the guided missile. When dealing with an 
craft in automatic operation we must think in terms of the 
mces of catastrophic failure, which are less than 1 in 10’ or 
mn 10°. Moreover, aircraft and equipment manufacturers are 
wfident that they can attain this level of reliability within a 
] years. 

[he advantage which the aircraft designer has over the missile 
igner probably lies in three main features. First, we can use 
vehicle over and over again, so that if something goes wrong 
$s normally possible to find this out and correct it quickly and 
re can be a steady trend towards improvement. Secondly, 
gain from size, and in spite of the emphasis which the author 
ces on miniaturization, it is not always prudent to make 
nponents as small as possible. Many troubles have been 
ised, for example, by the tendency of designers to use micro- 
tches in situations where ample space and operating force are 
lable for less-sensitive devices. 

fhe third factor which, as the author says, is beginning to 
y a major part in aircraft guidance and control systems is 
use of redundancy. In this connection I think that the use 
highly selective redundancy on the VC10 aircraft is an 
Jortant development which is worth following closely, 
ause it may be uneconomic to achieve the required level of 
ability by mere multiplication of identical control systems. 
Mr. H. Zeffert: The author concentrates rather on the elec- 
al and electronic reliability in aircraft, but reliable elec- 
nic equipment would be useless if it was not coupled with 
shanical reliability. Structural and mechanical design must 
hand in hand with electrical design to form an integrated 
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whole. Since this is a joint meeting of The Institution of Elec- 
trical Engineers and The Royal Aeronautical Society, the thing 
that we should appeal for is the support of structural and system 
designers in first helping us to pinpoint the problems which are 
worthy of solution, and then co-operating in the solution of 
those problems from both the mechanical and electrical aspects. 
The VC10 aircraft is an ideal example where electrical and 
mechanical design have been considered from the inception of the 
aircraft. 

Mr. G. V. E. Thompson: The author considers it essential for 
this country to continue with costly development and to take part 
in space research. Will he enlarge on the second part of that 
statement? Is it sufficient for Britain merely to put satellites 
into American vehicles, or should Britain—as I think—continue 
with her own programme of developing launching vehicles 
as well? 

There is one aspect of electrics and aircraft or spacecraft 
which seems to have been omitted from the lecture, and that is 
the use of electrics for ion propulsion. In America various 
types of ion motors are being developed. Will the author 
comment on this and on whether Britain should undertake the 
development of these methods of propulsion? 

Mr. B. Cape: The author outlines a trend towards aircraft 
electrical systems becoming more complicated and he has rightly 
stressed the importance of reliability. In addition to the great 
teehnical effort devoted to developing new techniques, it is 
essential to have well-trained engineers available to maintain 
equipment when in service. Are the present technical training 
arrangements going to produce the right type of maintenance 
engineer? If we cannot be sure of this, changes to the training 
techniques will have to be made. 

Sir George Gardner: I was greatly encouraged to hear about 
the promise of the new lightweight components which will pack 
into small spaces, because one of the things that we suffer from 
in the aeronautical world is ‘weight growth’, and electrical 
equipment is not absolved from blame in this connection; all 
kinds of equipment, as well as the aircraft structure, seem to 
grow in weight as development proceeds. 

I have a great fear that this lightening trend can be interfered 
with to some extent, and even that it can be destroyed, by the 
very rapid growth in complexity—not in the sense in which Dr. 
Wilson was speaking, but in the sense that there is this facility 
to add together myriads of smail components and play the most 
wonderful tricks with them. Over the years I have been dis- 
turbed by the blindness which seems to afflict individuals who 
find themselves shut away in laboratories with easy access to 
these myriads of components. They can solve complicated 
problems, often all too easily; they are probably conscious that 
if they tried to do the job in another way, say by mechanical 
means, this would imply making a drawing and getting the 
components made up in the workshop, and that takes time. The 
adoption of the line of least resistance in the early stage may 
therefore lead to a solution which is more complicated than it 
need be for production and for the customer. 

Accordingly I would ask the author to couple with his plea 
for the pursuit of reliability a plea for additional consciousness 
of the need to do the job in the simplest possible way. This 
would make a major contribution to the solution of the problem 
of reliability. 

Mr. A. H. Carter: I suggest that a permanent Anglo-American 
team be formed, their terms of reference being to co-ordinate 
the combined resources of both countries for all future defence 
projects. One of their starting-points would be to examine all 
future defence requirements of both countries, and then recom- 
mend where, and on what, our combined resources can be used. 
They should also encompass the future technical and financial 
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resources available. This team could make a completely new 
approach to the problem of using the resources of the West in 
the most logical and efficient manner. At the moment there is 
a terrible waste in having so much duplication of effort. 

Mr. M. Settelen: A great many of us have thought for a long 
time that the future trend in long-range aircraft communication 
would be toward the single-sideband system; the American Air 
Force has been using this method for some time. However, 
looking forward to the future, with the aircraft manufacturers 
seriously talking about supersonic civil aircraft, there is a very 
severe and serious problem in using such techniques in aircraft 
flying at Mach 2 or more. In an aircraft flying at 600m.p.h. the 
Doppler shift is 20c/s at 20Mc/s. This is apart from any 
drift in the airborne or ground oscillators. At Mach 2 and 
above this shift would make it almost impossible to communicate 
by single-sideband methods unless some means could be devised 
of automatically correcting it; this would be very difficult, since 
it would depend on the direction of the aircraft with respect to 
the ground station at any given moment. 

It is my opinion that long-range v.h.f. techniques may super- 
sede s.s.b. ones before the latter are generally adopted in civil 
aircraft. Considerable research work is being done in this 
field, particularly by one of the major American international 
airlines. It is understood that this airline recently decided that 
all h.f. equipment would be removed from its aircraft within two 
years and it plans to only use high-power v.h.f. equipment for 
world-wide international communications. There are obviously 
problems in the design.of such v.h.f. equipment, but these are not 
insuperable, and I think that long-range v.h.f. systems have a 
very important future in aircraft communications. 

Mr. J. W. McPherson (communicated): The author emphasizes 
the need for weight saving and reliability in all the electrical 
and electronic equipment in aircraft; he also mentioned four 
types of supply system, and predicted that one, the medium- 
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The Rt. Hon. The Viscount Caldecote (in reply): I was very 
pleased that so much emphasis was placed on reliability in the 
discussion, since I felt that perhaps this point should have been 
made more strongly in the lecture. 

Mr. Woodford’s point relating to the vulnerability of digital 
circuits is really another case of reliability. The best solution is 
to minimize the amount of wiring required. In aircraft, where 
there is less need for digital transmission over long distances, the 
trend towards miniature components and therefore more 
compact equipment will go a long way to meeting this point. I 
cannot agree with Mr. Eckersley that the search for reliability 
can be carried too far. Reliability is important for its effect on 
cost, as was clearly pointed out by Mr. Serby in relation to 
guided weapons, and this is, of course, just as true for aircraft, 
quite apart from considerations of safety. 

I must thank Dr. Wilson for what I take to be his support for 
my views on the need for redundancy in important control 
circuits, although I fully accept his view that selective redundancy 
combined with adequate monitoring may be the best and most 
economic solution. With Dr. Wilson I would agree that 
miniaturization for its own sake is undesirable, but both Dr. 
Wilson’s comments and Mr. Serby’s fear of increasing cost of 
missiles due to miniaturization are well answered by Sir George 
Gardner’s comments on the useful part played by miniaturization 
in preventing ‘weight growth’. 

Sir George Edwards was most kind in his remarks. He is 
quite right in drawing attention to the mounting electrical 
problems associated with increasing speed and resultant tem- 
perature rise. I fear that any estimate of development time for a 
generator operating continuously at Mach 3 would be a guess, 
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voltage d.c. system, would die out. The implication of 
remarks is that we must make a choice of supply system from 
of the three others, but are there any good grounds for belie: 
that any of these systems is the ideal or even a near approac 
the ideal for electronic equipment ? 

In this context, the ideal supply for any type of utiliad 

equipment is that system which results in the smallest, ligh 
and most reliable equipment. Both the d.c. and 400c/s syst 
have much to recommend them for the bulk of the elect 
load. Rotating machinery can readily be made for either 1 
and much of the electrical equipment is of this form. 
electronic equipment, however, usually requires an alterna 
supply in order that numbers of isolated supplies of diffe 
voltage levels may be readily derived by the use of transform 
To achieve minimum weight and volume in the electronic eq 
ment it can be shown that the supply should be of much hi; 
frequency than 400c/s, and should preferably have a sq 
waveform. It should also be free from transient voltage va 
tions. All existing supplies suffer very seriously from th 
which are caused by the switching of large power loads which 
themselves insensitive to such transients. 

It may be that the best solution would be to separate aire 
electrical loads into two categories: all loads which are inse 
tive to transients could be fed from one supply system, % 
voltage-sensitive loads such as the majority of electronic eg 
ment could be provided with an entirely separate siq 
optimized to provide the minimum size and weight and 
maximum reliability of the electronic equipment itself. 
additional weight and complication resulting from the provi 
of two supply systems could well be more than offset by re 
tions in size and weight within the electronic equipment. 

On the subject of automatic testing it is worth noting that i 
automatic testing equipment for the Sea Vixen airborne % 
has been designed and is now in service with the Royal Nav 
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but it would in my view take at least twice as long as the deve 
ment of a machine for use at Mach 2. 

I entirely agree with Mr. Zeffert’s important point that « 
trical reliability in aircraft is not enough: much unserviceab 
even in electrical equipment is due to mechanical trouble. 

Mr. McPherson’s communication on the development | 
dual aircraft electrical system is most interesting. The incr 
of resistive loads for de-icing, cooking, etc., as pointed out ir 
lecture, seem to make such a system desirable and the us 
compact and light semiconductor devices may well pave the 
for its development. 

Mr. Settelen’s remarks on the effect of Doppler shift 
single-sideband h.f. communication raised an interesting p< 
At a speed of Mach 2, say 1500m.p.h. radially to or from 
ground station, the shift would be about 45c/s at 20 Mc/s. ‘ 
would certainly cause an appreciable and annoying los: 
quality, but would be unlikely to render communica 
impossible. 

Finally, I should like to say a few words in reply to 
Thompson. Surely the whole question of a British sate 
launching vehicle is one of cost? This country cannot affor 
do without a programme of space research and developr 
but it is sensible that much of this work should be on an it 
national basis, partly because of the cost involved and pe 
because it seems to be an excellent field for international 
Operation leading to better understanding between nati 
Only if attempts to arrange such co-operation fail should 
decide to ‘go it alone’. Similar remarks could also be apr 
to Mr. Thompson’s second comment relating to ion propuls 
which is mainly of value for the propulsion of space vehicle: 


117.1: 621.374.32.001.4 


} 


The Institution of Electrical Engineers 
Paper No. 3258 M 
July 1960 


PID METHODS FOR ASCERTAINING WHETHER THE ACTIVITY OF A WEAK 
RADIOACTIVE SAMPLE EXCEEDS A PREDETERMINED LEVEL 


By E. H. COOKE-YARBOROUGH, M.A., Member, and R. C. M. BARNES, B.Sc.(Eng.), 
Aséoéiate Member. 


waper was first received 17th September, 1959, and in revised form 23rd February, 1960. It was published in July, 1960 and was read before 
the MEASUREMENT AND CONTROL SECTION 25th October, 1960.) 


SUMMARY 
ye paper considers methods of determining whether the mean 
of occurrence of random events, such as radioactive disintegra- 
3, is greater or less than some given tolerance rate. The most 
ient method is one which makes this determination in the shortest 
‘and with an acceptably low probability of error. Sequential test 
edures minimize the sample size by observing the random process 
| some terminating condition is satisfied. The performance of 
ral sequential tests is investigated, with particular reference to 
litions encountered in monitoring radioactive contamination on 
1ands. The most efficient of these tests is shown to be one which 
sures the difference between the number of events actually observed 
the number expected at the tolerance rate. Under conditions likely 
> encountered in routine monitoring for radioactivity on the hands 
method gives a fivefold saving in time over the method now in use. 


LIST OF PRINCIPAL SYMBOLS 


\ = True mean occurrence rate of the random events. 

, = Tolerance rate. 

1 = Number of events observed since beginning of test. 
t = Time elapsed since beginning of test. 

arameters defining conditions under which the test 
linates : 

, = Predetermined number of events. 

, = Predetermined time duration. 

‘= Predetermined deviation limits above and below the 


number of events to be expected at the tolerance rate. 


(1) INTRODUCTION 


Then events occur at random the accurate measurement of 
r mean occurrence rate requires the observation of many 
its. A quantitative measurement of the activity of a weak 
Oactive source may therefore take a long time. In some 
5 it is sufficient to make a qualitative test to determine 
ther the activity is above or below a predetermined level, 
in principle, this only demands an accurate estimate of the 
rence rate when the activity is close to the predetermined 
Sources which are much stronger or much weaker require 
accurate discrimination and can be tested in a shorter time. 
quential test procedures take advantage of this possibility 
test whether the mean occurrence rate of a random process is 
fe or below a stated rate, in such a way that the sample size 
It fixed, but depends on the outcome of the observations. 
lly the test should terminate as soon as a decision can be 
1 with an allowable probability of error, but practical con- 
ations make it desirable to choose a less complicated 
rion which has approximately the required effect. 

le application of sequential test procedures is in the routine 
surement of radioactivity on the hands. Many pairs of 
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hands must be tested in as short a time as possible at the end 
of a working shift; most are expected to be uncontaminated or 
only very lightly contaminated, and even contaminated hands 
yield quite a low counting rate. An efficient test procedure 
should allow hands which have very little activity to be tested 
rapidly, and the same applies to any heavily contaminated hands. 
It is only those hands whose activity appears to lie close to the 
tolerance level that need be tested for a longer period in order 
to give sufficient statistical accuracy. 

Most existing hand monitors! use the principle illustrated in 
Figs. 1A and 1B. The counting is effected by accumulating on a 
capacitor C, the charges, Q, produced by each random event, 
so.that the capacitor voltage rises as shown in Fig. 1B. The 
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Fig. 14.—Principle of counting and timing circuits used in most 
existing hand monitors. 


Gi) Basic counting circuit. 
(ii) Basic timing circuit. 
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Fig. 18.—Voltage across counting and timing capacitors when testing 
the occurrence rate of random events close to the tolerance 
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sampling period is timed by causing a steady current, J, to 
charge a timing capacitor, C,. Both capacitors can start to 
charge when the switch S is opened at the beginning of the 
period. When either one of these capacitors has acquired 
enough charge to operate its associated indicator, the appro- 
priate indication is given and the test is terminated. Thus the 
two circuits impose the count and time limits indicated by the 
dotted lines in Fig. 1B. This test procedure will therefore be 
referred to as the rectangular-boundary method. It has the 
unfortunate characteristic that all tests producing the ‘below 
tolerance’ decision (which may be expected to predominate in 
hand monitoring) require the maximum time allowed by the 
time limit. 

The principles of the faster method>:? to be discussed in the 
paper are shown in Figs. 2A and 2B. Here there is no separate 
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Fig. 2A.—Principle of difference integrator. 
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Fig. 28.—Voltage across capacitor when circuit is used to test 
occurrence rate of randomly timed pulses. 


(a) High activity. 
(5) Activity close to tolerance, 
(c) Low activity. 


timing circuit, but a steady current, J, is caused to flow out of the 
counting capacitor. This current has a value, QX., which would 
just balance the charge entering the capacitor if the pulse rate 
were exactly at the tolerance rate, A,. Thus the capacitor 
integrates the difference between the actual pulse rate and the 
tolerance pulse rate, and the voltage observed across the 
capacitor at any time after the opening of the switch S represents 
the difference between the number of pulses to be expected at 
the tolerance rate and the number which have actually occurred. 

If the pulse rate is far above the tolerance level the capacitor 
charges positively in a series of steps of equal height when S is 
opened [curve (a) of Fig. 2B]. When the voltage reaches + Vz an 
indicator operates to show that the pulse rate is above the 
tolerance level. 

If the pulse rate is zero, the voltage across the capacitor falls 
steadily at a rate QA./C (Fig. 28), and when it reaches a value 


—V, another indicator operates to show that the activi 
below the tolerance level. This indication occurs after a 
— K/]X, (where K is equal to V,C/Q, or the ratio of V;, te 
instantaneous voltage change caused by a single pulse). It 
be shown later that K can often be assigned a value of the ¢ 
of —6, so that, when the activity is very low, a decision is obta 
in a time equal to that which would be needed to count a’ 
six pulses at the tolerance rate. This time is much shorter 
that for the equivalent rectangular-boundary test. 

If the pulse rate is not zero but is below the tolerance | 
the approach of the capacitor voltage to — V; is delayed by: 
pulse [curve (c)]. The more nearly the pulse rate approache: 
tolerance rate the longer will be the counting period, and 
accuracy of discrimination will increase accordingly. The : 
applies to pulse rates just above the tolerance level. If the» 
counting rate is exactly equal to the tolerance rate the 
would continue indefinitely were it not for the random flu 
tions in the pulse rate. These terminate the count eventual 
causing one or other indicator to operate. 

In this test the boundaries are represented by two limit 
and V>, and it will therefore be referred to as the pam 
boundary test. 

After discussing the general characteristics of sequential 
procedures the paper compares the two test procedures ¥ 
have been outlined above. For the purpose of this comper 
numerical values appropriate to hand monitoring will be 1 
although the method is applicable to any test where a qual 
answer is required. 


(2) SEQUENTIAL TESTS 


A sequential test procedure, leading to the acceptance 
rejection of the hypothesis that the mean occurrence rate 
random process is greater than a given rate, is simply a rul 
specifying, at each instant of time during the test, which o 
following three decisions is applicable: 


(a) To accept the hypothesis and terminate the test. 
(b) To reject the hypothesis and terminate the test. 
(c) To continue the test by making further observations. 


At the beginning of each test there is not sufficient inform: 
about the random process to justify decision (a) or (b) 
decision (c) applies. Eventually it is possible to reach dec 
(a) or (5) with an acceptable risk of error, and the test is 
complete. 

Since the hypothesis is accepted or rejected on the basis 
sample of finite size there may be errors of two kinds: eithe 
hypothesis may be rejected when it is really true, or it ma 
accepted when it is really false. The relative importance o 
two kinds of error may not be equal. In the case of monit: 
hands for radioactivity it may well be more serious to ind 
that heavily contaminated hands are below tolerance tha 
indicate that lightly contaminated hands are above toler; 
There will also be a range of activity, near the tolerance i 
where it is immaterial which decision is made, since the mea 
ment is in any case subject to other uncertainties. 

The performance of a test procedure of this type can be s 
fied by an operating characteristic (0.c.) function which s| 
how well the test achieves its objective of making co 
decisions, and an average sample number (a.s.n.) or av 
sample time (a.s.t.) function which represents the cost of 
decisions in terms of either the number of events which mu 
observed or the time taken to perform the test. Fig. 3 repre 
the probability of a sequential test terminating with accep 
of the hypothesis that the actual rate is greater than the toler 
rate, A, as a function of the true mean occurrence rate, A. 
a.s.t. function describes the mean time taken to reach a deci 
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Fig. 3.—The operating characteristic function. 
A = probability of error due to rejection of true hypothesis. 
. B = probability of error due to acceptance of false hypothesis. 
i as a function of the true mean occurrence rate of the 
9m. process. (For the particular applications which are 
; considered in this paper the average sample time is of 
‘importance than the average sample number.) 


[EST ._PROCEDURE WITH RECTANGULAR TIME AND 
COUNT BOUNDARIES 

e rectangular-boundary test procedure in Fig. 1B can be 

sented as in Fig. 4. The conditions at any time during the 
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Fig. 4.—Sequential test with rectangular boundaries. 


ire defined by a point on the diagram corresponding to the 
Mpriate point of the ‘staircase’ voltage of Fig. 1B. The 
ance rate is represented by the line OAB. The time and 
t boundaries, AC and AD, divide the diagram into three 
3. The record of every test starts at the origin O and crosses 
one of indecision, bounded by OCAD, until it enters the 
of acceptance, CAB, or the zone of rejection, BAD, and is 
terminated. The rules for this test procedure can therefore 
ecified as: 

a) If the test has continued for a predetermined time, fp, reject 
hypothesis that the observed occurrence rate is greater than the 
stance rate and terminate the test. 

b) If the cumulative total of pulses has reached a predetermined 
ue, np, accept the hypothesis and terminate the test. 

c) If neither count nor time has reached its predetermined value, 
ifinue testing. 

erating characteristic and average sample time functions 
his test procedure have been computed and are shown in 
5 for the boundary conditions t, = 7sec, m, = 35 counts. 
‘ime and counting rate scales chosen are those appropriate 
tolerance rate of 5 counts/sec, but these curves and those 
bsequent Figures can be applied to any tolerance rate by 
ting the counting rate and time scales in inverse proportion. 
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Fig. 5.—Operating characteristic and average sample time for test 
with rectangular boundaries. 
np = 35 counts, tp = 7sec. 


(a) O.C. function. 
(b) A.S.T. function. 
(c) Approximation to a.s.t. function used in Section 14.3. 


A Points derived from area under Poisson distribution curve; remainder are from 
Monte Carlo simulation. 


The o.c. function can be derived from the Poisson distribution 
curve by calculating the area under the curve which lies outside 
a specified ordinate. If the limits for the test are m, and t, and 
the mean occurrence rate is A, [A < (n,/t,)], the probability of 
the test giving a false ‘high’ decision is the probability of 
observing m, or more counts in the time ¢,. The probability of 
observing exactly n events in time ¢ is e~“(Ar)", so that 
Py = e~Mo>)” ,Ats)i/i!. Some points on the o.c. function in 
Fig. 5 have been computed from this expression. 

The performance of this test procedure, and that of others 
which are described later, were also studied with the aid of a 
digital computer. A Monte Carlo process, involving the 
generation of random numbers, was used to simulate the time 
intervals between successive events and the simulated events 
were then subjected to the appropriate test procedure. In this 
particular case the Monte Carlo method provided further points 
on the o.c. and a.s.t. functions to demonstrate the agreement 
between the analytical and Monte Carlo methods. 


(4) THE WALD SEQUENTIAL TEST, WITH PARALLEL 
BOUNDARIES 
The parallel-boundary test procedure is an application of the 
sequential probability ratio test of Wald? and others. This test 
is well known’ as a means for determining, with minimum inspec- 
tion effort, whether the proportion of defectives in a manu- 
tured product is above or below an acceptance level. In the 
present application of the test a continuous parameter (time) 
replaces the original discrete parameter (cumulative number of 
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Fig. 6.—Wald sequential test. 


items inspected). The Wald test may be represented by a 
diagram (Fig. 6) in which the co-ordinates are cumulative 
count and time. The zone of indecision lies between BC and 
DE, which are parallel to OA and are separated from it by 
distances corresponding to J and K events respectively. (The 
principle of the test is more easily demonstrated if the slope of 
OA, and hence that of the boundary lines BC and DE, is equal 
to the tolerance rate, A,. This convention will be assumed 
throughout the paper, but Section 14.1 introduces a more general 
interpretation of the slope of the boundaries.) It can be seen that 
this is a restatement of the operation of the electrical circuit 
(Fig. 2B) and is also closely related to the test procedure of 
Fig. 4. 

The rules for the parallel-boundary test procedure may be 
defined as: 

(a) Accept the hypothesis that A > A¢ if (n — Act) > J. 


(b) Reject the hypothesis that A = Ac if (1 — Act) < K, 
{c) Continue testing if J > (n — Sips > Ke 
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Fig. 7.—Operating characteristic for parallel-boundary test. 


Boundary values Oi= —K=2 
bJ=—-K=4 

ee Scat ee 
(d)J = —K=8 


O Derived from Kiefer and Wolfowitz.3 
I Derived from Monte Carlo simulation. 
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The test is thus closely related to the sequential proba 
ratio test in which similar rules accept the hypotheses: 
(i) A = Ao, where Az > Ae and : 
(i) FA die where A; < Ac. 
Tables of the o.c. and a.s.n. functions for this latter tes 
given by Kiefer and Wolfowitz? and can be applied to the pr 
problem (see Section 14.1). These Tables and the assoc 
analytical treatment of the problem provide a quick and 
venient means of designing the basic test procedure for 
applications. Investigation of modified forms of the test 
cedure, which will be described later, is carried out more 
veniently by applying the test procedure to simulated rar 
events generated by a digital Monte Carlo process. In ord 
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Fig. 8.—Average sample time function for parallel-boundary t 
@J=—K=2 
(b) J=—K=4 
(c) J=—K=6 
(d)J=—K=8 


(e) Approximation to a.s.t. used in Section 14.2. 


A Derived from Kiefer and Wolfowitz.3 
© Derived from Monte Carlo simulation. 


establish the validity of the computer programme for 
simulation it was also applied to the basic case, and Figs. 7 
8 show close agreement between the o.c. and a.s.t. 1 
tions obtained from Reference 3 and from the Monte ¢ 
computation. 


(5S) COMPARISON BETWEEN SEQUENTIAL TESTS W! 
RECTANGULAR AND WITH PARALLEL BOUNDARE 
It is convenient to compare the a.s.t. function for the 

angular-boundary test in current use (Fig. 5) with that i 

parallel-boundary test of similar discriminating power, i.e. 

a similar o.c. function. Although it is not possible to ck 

boundary values which give identical o.c. functions for the 

test procedures, the conditions illustrated in Fig. 9 repr 
substantially similar discriminating power for most pra 
purposes. The boundary values are so chosen that both 
give about the same probability of error at true mean ¢ 
rates 40% above and below the tolerance rate. At count 
still further removed from the tolerance rate, the rectang 
boundary test has the smaller probability of error, but here 
probabilities are well below 1%. For example, when A = 
rectangular-boundary test has 0-002 probability of error, 
pared with 0-003 for the parallel-boundary test. Similar; 

X = 2-5 the respective probabilities of error are 0:00007 

0-000 36. 

The importance of errors is some function of both their 

nitude and their probability, and this function depends o: 
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.— Operating characteristic and average sample time functions 
or parallel- and rectangular-boundary tests of similar dis- 
riminating power. 

O-—-O Parallel boundaries; J = — K = 6 


(a) O.C. function. 
(6) A.S.T. function. 


---[] Rectangular boundaries; ny = 35, ty = 7 
(c) O.C. function. 
(d) A.S.T. function. 


9se for which the test is intended and on the other possible 
es of error. The magnitude of an error increases linearly 
the amount by which A differs from 4,, but when this 
ence is considerable the probability of error decreases much 
rapidly than the magnitude of the error increases, and it is 
ned here that the net effect is to decrease the importance of 
errors. The acceptability of any such test depends upon 
eceptability of this assumption. 

mparison of the a.s.t. functions in Fig. 9 shows that, for 
ikely distribution of occurrence rates among the samples 
1 are tested, the parallel-boundary test has the shorter 
ige sampling time. 

tions 14.2 and 14.3 give approximate methods for cal- 
ing the average sampling time for a rectangular distribution 
tivities between samples. If such a distribution extends 
zero to twice the tolerance rate the average sampling time 
le rectangular-boundary test in Fig. 9 is 5-9sec and for the 
lel-boundary test of comparable discriminating power it is 
SEC. 

the case of hand monitoring (where most hands are expected 
; uncontaminated) a more realistic distribution would be 
uncontaminated and 10% uniformly distributed between 
ind twice tolerance. With this distribution, the rectangular- 
dary test in Fig. 9 requires an average time of 6:89 sec per 
n, compared with an average time of only 1-41 sec for the 
lel-boundary test. Thus, in this typical situation, the 
lel-boundary test is on average about five times as fast as 
ctangular-boundary test in current use. 

ce the parallel-boundary test has no inherent time limit, 
individual tests in which the activity is close to the tolerance 
can last longer than the corresponding rectangular- 
dary test. In order to ascertain the importance of this, 
istribution of sample times was investigated in detail for a 
lel-boundary test with J = — K = S by using the computer 
‘erate sample times for a series of approximately 1 000 tests. 


—— 
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The worst case was chosen, in which the true mean rate in every 
test was equal to the tolerance rate. The frequency distribution 
diagram shown in Fig. 10 was prepared from these sample times. 
The average sample time at the tolerance rate was 5-3sec. 
Nearly 90% of the tests were completed before 11sec and 96% 
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Fig. 10.—Distribution of sample times for parallel-boundary test at 
tolerance count rate. 
J= —K=5;A =), = 5 counts/sec. 


(a) Tests terminating at either boundary. 
(6) Tests terminating at upper boundary only. 


before 16sec. The average sample time of the same test pro- 
cedure at low occurrence rates is only J sec. 

The investigation of the distribution of sample times was 
extended over a range of occurrence rates and to several values 
of the boundaries J and K by observing the fraction of simulated 
tests which had a sample time greater than specified limits. 
Fig. 11 relates to the boundaries (J = — K = 6) which provide 
discrimination similar to that of the ‘standard’ rectangular 
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Fig. 11.—Parallel-boundary test (J = — K = 6): probability of 
exceeding stated duration. 
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boundary test (n, = 35, t, = 7), and shows that the tests which 
extend beyond the times 7, 10, 15 and 20sec are quite well 
confined to a small range of occurrence rates near to the 
tolerance rate. The maximum probability of exceeding these 
times occurs when the random occurrence rate equals the 
tolerance rate. Fig. 12 shows how this maximum probability 
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Fig. 12.—Parallel boundary test: probability of exceeding stated 
duration at a tolerance counting rate of 5 counts/sec. 


of exceeding stated sample times is related to the boundary 
values used. 

Although long sample times are so rare that they add little 
to the average sample time, their occasional occurrence may 
prove unpopular in personnel monitoring. Moreover, the 
results they finally provide are of relatively small significance, 
since their long duration will in itself be a strong indication that 
the rate being observed is close to the tolerance rate. 


(6) MODIFIED SEQUENTIAL TEST PROCEDURES WITH 
RESTRICTED DURATION 

This Section examines several methods by which a time limit 
may be applied, and shows that the desired effect of restricting 
the sample time without significant change of the operating 
characteristic can be achieved by simple modifications to the 
test procedure. 

One method of limiting the duration of the test has been 
suggested by Wald.? Ifa test has not produced a decision within 
a fixed time the trend of the test is estimated and used to determine 
whether the ‘above’ or ‘below’ decision is appropriate. Tests 
which would otherwise be of long duration are thus terminated 
at the time limit and give a decision of poorer accuracy. 

The trend can be ascertained by testing, at the time limit, 
whether the count of observed events is greater or less than the 
number expected at tolerance rate, i.e. by testing whether the 
time/count plot of Fig. 6 lies above or below the tolerance rate 
line. From Fig. 11 it will be seen that, even if the sampling 
period is terminated as early as 10sec (which is only 30% more 
than the a.s.t. at the tolerance rate), the probability of the time 
limit being reached is quite small when the samples have a 
distribution in which low activities predominate, so although 


less reliable decisions are made when the time limit is ree 
the effect on the operating characteristic can be expected 1 
slight. A study on the computer showed, in fact, that w 
10sec limit the operating characteristic was almost identical 
that of the unrestricted test having the same boundaries, 
shown by the middle curve of Fig. 13. The a.s.t. nea 
tolerance rate is considerably reduced, as shown in’ Fig. 14, 
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Fig. 13.—Effect on operating characteristic of various methods 
applying a time limit. 


Parallel boundary test (J = — K = 6), time limit = 10sec. 

© All time-terminated tests give ‘high’ decision. 

(] Trend estimation applied to time-terminated tests. 

A All time-terminated tests give ‘low’ decision. 

@ Points on operating characteristic of unlimited test of Fig. 9. 
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Fig. 14.—Parallel-boundary test (J = — K = 6) with time lin 
a.s.t. function. 
x Time limit = 7 sec. 
A Time limit = 10sec. 
() Time limit = 15sec. 
© No time limit. 


\ 
Durse, there are no long sampling periods. (A reduction of 
ime limit to 7 sec was investigated briefly, and this appeared 
‘ause considerable deterioration of the operating charac- 
tic.) A truncated test with an estimate of the trend at the 
: limit therefore appears to be a satisfactory solution to the 
jem. For most practical purposes the design data for the 
¢ test? will be adequate for this modified form of the test, in 
wh the boundary separations J and K have the normal value 
n?# < # and collapse to J = K =O whent=4¢,. It should 
be difficult to incorporate this. modification in a practical 
sm. 

n alternative procedure is to use boundaries which converge 
inuously with time. A test with linearly converging 
ndaries was studied rather extensively, since it was thought 
fier a compromise between the rectangular- and parallel- 
ndary tests, providing a rapid decision for samples of low 
vity and an inherent time limit for samples near the tolerance 
. The initial separation and rate of convergence of the 
adaries were chosen so that both the a.s.t. at low counting 
s and the operating characteristic were similar to those of the 
ilel-boundary test. The reduction in maximum sampling 
» by this method was found to be less effective than that 
ved by the trend-estimation method. Of the two methods, 
d estimation is also preferred on the grounds that it is 
sably simpler to achieve and does not require special design 


\. 
further method of using the parallel-boundary test with fixed 
> limits would be to give a ‘near tolerance’ decision when a 
is time-terminated, instead of estimating the trend. With 
1 a system it should be practicable to impose a time limit 
1 Shorter than those in Fig. 14. This version of the parallel- 
ndary test may be of interest where it is thought desirable to 
ct people whose contamination level over a period of a week, 
example, tends to be undesirably high although not actually 
eding tolerance. Some users of conventional hand monitors 
rd the indicated activity as a means of revealing these 
ginal cases. It should be possible to choose the boundaries 
time limit so that marginal cases receive a significant number 
1ear tolerance’ decisions during a week. 

still simpler method of time limitation in parallel-boundary 
3 is to treat tests which reach the time limit as if they had all 
hed one count limit. This method has not been fully 
lied. Since the trend is ignored at the end of the counting 
od, some available information is rejected and the operating 
acteristic must be somewhat inferior to that of the trend- 
nating method described earlier. There is also a shift in 
operating characteristic, as indicated by the two outer curves 
ig. 13. The shift can be eliminated by making the rate at 
wh charge is withdrawn from the counting condenser 
. 2A) differ slightly from the tolerance rate, and the resultant 
ating characteristic is then only slightly inferior to that 
ined by trend estimation at the time limit. 


(7) SEQUENTIAL TESTS IN THE PRESENCE OF A 
BACKGROUND COUNTING RATE 

has been shown that the parallel-boundary sequential test 
ister than the rectangular-boundary test of a similar dis- 
inating power. The condition of a low counting rate 
rimposed on a relatively large background rate will now be 
idered briefly. This situation seldom arises in «-particle 
iting, but is often important in f-particle counting, since 
ticle detectors are sensitive to y-radiation entering the 
ument from outside. In hand monitoring the tolerance 
iting rate for B-active contamination is considerably higher 
| that for «-activity, but the value of 5 counts/sec will again 


ACTIVITY OF A WEAK RADIOACTIVE SAMPLE EXCEEDS A PREDETERMINED LEVEL 


159 


be used here in order to facilitate comparison with results 
already obtained and demonstrate that the advantages of the 
parallel-boundary tests are maintained in the presence of a 
background counting rate. 

Consider the case where the mean background counting rate is 
known, constant, and is equal to 20 counts/sec. The unknown 
counting rate is superimposed on this so that the total counting 
rate when the activity is at the tolerance level is now 
25 counts/sec. To obtain the same discriminating power 
relative to the unknown counting rate, the discriminating power 
relative to the total counting rate must now be five times as 
great. To obtain a fivefold increase in statistical accuracy 
would involve counting 25 times as many pulses. Since the 
tolerance counting rate is increased fivefold the actual counting 
time for pulse rates near tolerance would be increased fivefold. 
Thus, in the rectangular-boundary test the count limit must be 
increased 25 times (to 875 counts) and the time limit, five times 
(to 35sec). Section 14.4 shows that the discriminating power of 
a parallel-boundary test is directly proportional to the boundary. 
values chosen. Thus, to obtain a fivefold increase in discri- 
minating power the boundary values are increased from +6 
to +30. Fig. 15 shows the o.c. functions for the parallel- and 
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Fig. 15.—Operating characteristics and average sample times for 
Ac = 25 counts/sec. 


e—e@ Parallel-boundary test (J = — K = 30), A, = 25. 
O---O Rectangular-boundary test (7) = 875, ts = 35), Ac = 25. ; 
x Points on o.c. of parallel-boundary test (J = — K = 6), Ac = 5, for comparison. 
A Points on a.s.t. of parallel-boundary test (J = — K = 6), Ac = 5, with time 
eg scale multiplied by 5. 
f Points on o.c. of rectangular-boundary test (#7 = 35, t} = 5), Ac = 5, for 
comparison. 


rectangular-boundary tests which result from choosing these 
boundary values. Points from the corresponding o.c. functions 
of Figs. 5 and 9 are also plotted for comparison. It will be 
seen that increasing the boundary values has caused only minor 
changes in the shapes of the operating characteristics and that 
the relationship between parallel- and rectangular-boundary 
tests is also little changed, both giving about the same proba- 
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bilities of error at counting rates of 2 counts/sec above and below 
the tolerance rate, as in the case of Fig. 9. Fig. 15 also shows 
the a.s.t. curve for the parallel-boundary test and compares this 
with points taken from the corresponding curve of Fig. 9, 
multiplied fivefold in time scale. It will be seen that, in this 
case at least, the average sample time is almost directly propor- 
tional to the boundary values. The average sample time for a 
rectangular distribution of activities between background 
(20 counts/sec) and background plus 10 counts/sec can be 
calculated as shown in Section 14.2 and is equal to 16-7sec. 
This is just five times the figure of 3-35 sec without background 
already calculated. From Section 14.3, the corresponding 
figures for the rectangular-boundary test are 33-4sec as com- 
pared with 5-9sec without background. 

Taking the more realistic case in which 90% of the samples are 
uncontaminated, we have for the parallel-boundary test: 


With background, 7-08 sec 
Without background, 1-41 sec 


and for the corresponding rectangular-boundary test: 


With background, 34-8 sec 
Without background, 6-89 sec 


Thus, the fivefold advantage possessed by the parallel-boundary 
test when there is no background is maintained when background 
is present. The average time saved by using the parallel- 
boundary test is 5-Ssec per sample without background and 
27-7sec per sample when background is present. 

Section 14.4 shows that in a parallel-boundary test having a 
given discriminating power, the difference between the upper 
and lower boundaries is proportional to the total of back- 
ground and mean tolerance counting rate. This suggests that 
a convenient way of compensating for background counting 
rate is to use the measured value of this rate to control the 
amount of charge per pulse fed into the integrating capacitor 
in Fig. 2a, since this is equivalent to adjusting both the sum 
of background and tolerance rates and the separation between 
the boundaries. 

A more detailed consideration of the application of both tests 
in the presence of a background counting rate must take into 
account the fact that the background rate may vary, so that it 
cannot be compensated by manually setting the total tolerance 
rate at some new value. It will therefore be necessary to 
monitor the background rate, either by registering the counting 
rate between tests or by using a separate radiation detector, 
and to use this information to correct the total mean tolerance 
rate. In both cases there will now be some error in estimating 
background, due both to statistical uncertainties and to failure 
to follow any rapid changes in background rate. This will 
worsen the accuracy of both rectangular- and parallel-boundary 
tests. 


(8) PRACTICAL ASPECTS OF SEQUENTIAL TESTS 


From Figs. 1 and 2 it will be seen that the procedures dis- 
cussed use integrators connected to trip devices which operate 
when the contents of an associated integrator reach a predeter- 
mined level. The integrators may take a variety of other 
forms such as digital pulse-counting circuits, electro-mechanical 
devices or even purely mechanical ones. If capacitors are used 
as integrators they are likely to be in the feedback circuit of a 
d.c. amplifier, the charges or current being fed in or out at. the 
virtual-earth point. The trip devices may again take many 
forms, such as bistable electronic circuits, relays, mechanical 
contacts or photocells operated by the movement of a meter 
needle. 

The rectangular-boundary circuit in Fig. 14 requires two 
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integrators and two trip devices. The difference integrate 
Fig. 2A requires only one integrator and two trip devices 
so can be said to be even simpler. : 

The situation becomes more complex if time limitatic 
applied to the parallel-boundary system. The timer calls 
second integrator and a third trip device, but both can be 
crude since large variations in the timing will have negli 
effect on accuracy. In general, it will be necessary to arr 
interlocks between the trip devices so that only one oper 
Trend estimation may present further problems, though the 
at least one simple electronic circuit which achieves this. C 
it will be sufficient for the subject to estimate the trend ai 
end of the sampling time by observing the integrator vol 
displayed on a meter. 

In practical hand monitors there may be as many as 
counting circuits operating simultaneously, since each hane 
be monitored by two separate circuits, one counting «-part 
and one counting f-particles. Counting should continue 1 
all four counting circuits reach a decision if there is ne 
limitation. This calls for four integrators and four pai 
trips interconnected so that counting ends when one trip of 
pair has operated. Time limitation applied in the obvious 
would require a further integrator and trip, but the infreg 
occurrence of ‘above tolerance’ decisions allows the time-lia 
system to be simplified so that the number of trips is red 
from nine to five. The arrangement is indicated in Fig. 
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Fig. 16.—Assembly of four difference-integrators with time limi 


Each integrator consists of a d.c. amplifier with the integré 
capacitor in the feedback path. The four difference integré 
are arranged so that at each pulse the output voltage steps ir 
positive direction, and between pulses it drifts in the neg. 
direction, as in Fig. 2B. The output of the timing integt 
drifts continuously negative during the sampling period. 
The four difference integrators are connected via diodes 
busbar, A, which therefore takes up the potential of the 1 
positive difference integrator. (In computer parlance the di 
act as an ‘and’ gate for negative-going signals.) The cc 
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inating trip is connected through two further diodes, which 
Ss an ‘or’ gate whose output follows the potential of the 
ar or the time integrator, whichever is the more negative. 
ffect is that, if the counting rate in all channels is well below 
ance, the sampling period is terminated when all the dif- 
ce integrators have reached the lower limit. The a.s.t. 
jon is therefore that of the most active channel. If any 
nel fails to reach the low limit, the sampling period is 
inated by the time integrator. (It could be arranged that 
ampling period is terminated if all difference integrators 
ate their ‘high’ trips within the time limit, but it is to be 
d that this situation would be rare, and the total time saved 
d therefore be small.) Channels which reach no decision 
n the time limit can be dealt with by any of the methods 
issed in Section 6. The simplest in this context is the method 
joned at the end of that Section—to consider that all 
nels have reached a ‘low’ decision if they have not reached 
gh’ decision within the time limit. 

e system in Fig. 16 requires the same number of integrators 
trips as the rectangular-boundary hand monitors in current 
mut has, in addition, the arrangement of diodes which allows 
ampling period to be terminated, not only by the timer, but 
by the output of the difference integrators. 


REPETITIVE APPLICATION OF A SEQUENTIAL TEST 


lis Section examines the performance of a monitoring 
me employing a sequential test procedure when the person 
has received the ‘above tolerance’ warning presents himself 
1 further test without having reduced his contamination. 
situation can arise because washing has not reduced the 
amination, or from a deliberate attempt to repeat the test 
_a ‘safe’ indication is obtained, or from a genuine distrust 
1 very rapid warning produced by a high counting rate. 
ny case it is desirable that several repetitions of the test 
Id not seriously increase the risk that gross contamination 
receive a ‘safe’ indication. 

the probability of receiving the ‘above tolerance’ indication 
when the true count rate is A, and those rejected from each 
enter the next test with unchanged activity, the proportion 
ted after the nth test will be Px. Values of P, can be 
ined from the o.c. function of the test procedure and used to 
a series of curves, as in Fig. 17, showing the fraction which 
have been rejected after a given number of trials. The 
procedure for this example has parallel boundaries 


100 
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TRUE COUNT RATE, 


17.—Performance of a sequential test procedure when rejected 
‘samples are tested again by the same procedure. 


(J = — K = 6) and tolerance count rate A. = 5 counts/sec. 
When the rejects have been tested ten times the overall per- 
formance of the series of tests is similar to that of a single test 
with a tolerance rate A, = 6-1 counts/sec. There is thus a 
negligible risk that seriously contaminated personnel will pass 
the test after a reasonably small number of attempts. This is 
further demonstrated by the case A = 8-77, for which the 
probability of acceptance rises from 0-000 54 for one attempt to 
0-005 4 for ten attempts. 


(10) OTHER APPLICATIONS 


The previous Sections haveconsidered mainly hand monitoring, 
and in particular monitoring for «-particle activity, where the 
tolerance counting rate is about 5 counts/sec, but there are 
many other situations where the principles described can be of 
equal importance. 

Much work in such fields as chemistry, health physics, medicine . 
and the application of radioisotopes involves the preparation and 
measurement of many weak radioactive samples. The counting 
of these samples can be a lengthy process, and it is often the 
case that the weakest samples are of little interest, an accurate 
measurement only needing to be made on the more active ones. 
Therefore the rapid rejection of weak samples can save a great 
deal of counting time. To do this, a difference integrator can 
be used for preliminary sorting of the samples into ‘high’ and 
‘low’, only the former receiving a subsequent accurate count. 
In one instance where all samples are at present counted for 
eight hours, it is proposed to introduce a preliminary sorting 
operation which has an average sample time of 10 minutes for 
weak samples. The distribution of activity between samples is 
such that only about one sample in 100 is expected to require 
the more accurate eight-hour measurement, and the average time 
per sample will thus be reduced from eight hours to about 
20 minutes. An alternative arrangement is to use the difference 
integrator in parallel with the normal counting system to give 
a rapid indication if the sample activity is low (any ‘high’ 
indication being ignored). It could be used in this way in 
conjunction with an automatic counting system incorporating 
an automatic sample changer to curtail the counting of weak 
samples. 

Section 14.4 shows that the discriminating power of the 
parallel-boundary test is independent of the value of the tolerance 
counting rate chosen. The results already obtained can there- 
fore be applied to different situations by choosing the appro- 
priate value of A, and adjusting the time scale of the a.s.t. curves 
in inverse proportion. 

The parallel-boundary method does not only provide a means 
of saving time without losing accuracy: it can also provide 
increased accuracy without an increase of average sampling time. 
Use can be made of Fig. 15 to demonstrate this point. The test 
shown has a discriminating power five times as great as the 
test of Fig. 9. For the former test A, is 25 counts/sec, but for 
comparison with the latter test, A, can be reduced to 5 counts/sec 
by dividing the counting rates by five and multiplying the time 
scale by the same factor. The method of Section 14.2 can then 
be used to calculate the average sampling time for a rectangular 
distribution of activities stretching from zero to 10 counts/sec. 
This gives 26-4sec per test, or if 90% of the samples are uncon- 
taminated, the time is reduced to 8:04sec. In the corresponding 
rectangular-boundary test both the count and time limits must 
be increased 25-fold over the values of Fig. 9 in order to obtain 
the required fivefold increase of discriminating power. Thus, 
with the rectangular distribution of samples considered above, 
the average sampling time is 148sec, or if 90% of the samples 
are inactive, the time is increased to 172sec. It can be con- 
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cluded that the greater the discriminating power required, the 
greater is the advantage of using the parallel-boundary test. 

The monitoring of surfaces such as floors, benches or clothing 
is normally carried out by an operator moving a detector over 
the surface while listening for the audible clicks associated with 
the detection of radioactive disintegrations. This process is 
highly subjective, for its sensitivity depends on the speed at 
which the operator moves the detector and upon his ability to 
distinguish between random and systematic variations in the 
pulse rate. Here again the difference integrator could be used 
to distinguish between significant and insignificant activity. 
One method of use would be to bring the radiation detector 
up to the surface to be monitored, keep it stationary during the 
sampling period, and when a ‘low’ indication is obtained, move 
the detector by an amount equal to its width and start a new 
sampling period. For the same sensitivity this method would 
be as fast as that now used and would eliminate subjective 
uncertainties. 

This use raises the question whether the sequential sampling 
principle could be applied to the continuous monitoring of 
radioactivity so as to give a rapid indication of a change in pulse 
rate. There are indications that this could be done, but further 
study is required. 


(11) CONCLUSIONS 


An efficient qualitative test for determining whether the mean 
occurrence rate of a random process is above or below a given 
tolerance level demands the minimum sample size consistent 
with an acceptable probability of error. Sequential test pro- 
cedures minimize the sample size by observing the random 
process until some terminating condition is satisfied. This 
terminating condition may be a simple function of the cumulative 


It will be seen that the rectangular-boundary test, whicl 
been widely used in hand monitors, is much less efficient 
the parallel-boundary test. For a typical distribution of r 
activity, with a preponderance of uncontaminated personne 
average duration of the parallel-boundary test (ignoring 
delay while the radiation detectors and the hands are bre 
together) is approximately one-fifth of that for the comm 
used rectangular-boundary test having similar discrimin 
power. 

Although the parallel-boundary procedure greatly reduce 
average duration of the test, it suffers from the disadvai 
that some samples, with activity near the tolerance level, 
require an excessively long test before a decision is given. 
defect can be overcome by imposing a limit to the duratix 
the test. Several alternative methods for applying a time 
have been examined in sufficient detail to show that they » 
be satisfactory and relatively simple. Use of the par 
boundary test appears to introduce little, if any, extra com} 
tion in the electronic circuits; in fact these may in some ins*: 
be simplified. 

Although the parallel-boundary test has been considered 
mainly in relation to the advantages of its use for — 
monitoring, its application is to be recommended in almos 
situation where the activity of many weakly radioactive sar 
is to be tested. 
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Table 1 


COMPARISON BETWEEN AVERAGE TIMES TAKEN BY RECTANGULAR-BOUNDARY AND PARALLEL-BOUNDARY TESTS 


Average time for Average time for 


count of events and the duration of the test, chosen so that it 
defines the probability of error reasonably well and leads to a 
convenient realization of the test procedure. 

The performance of two sequential test procedures has been 
investigated, with particular reference to the conditions encoun- 
tered in instruments used for monitoring radioactive contamina- 
tion on the hands. One procedure is the parallel-boundary test 
due to Wald, which tests the difference between the number of 
events actually observed and the number expected at the 
tolerance rate and terminates the test when this difference 
exceeds predetermined limits. The other procedure is the 
rectangular-boundary test, which terminates when either the 
count of observed events or the duration of the test exceeds 
predetermined limits. Table 1 summarizes the main numerical 
results which have been obtained. 


Conditions of test rectangular-boundary equivalent 
test parallel-boundary test 
sec sec 

(a) Tolerance rate 5 counts/sec (no background activity). Activity uni- 3-9 8085) 
formly distributed between zero and 10 counts/sec 

(6) As (a), but 90% of samples inactive. Remainder uniformly dis- 6:9 1-41 
tributed between zero and 10 counts/sec 

(c) Tolerance rate 5 counts/sec superimposed on 20 counts/sec back- 33-4 16:7 
ground. Activity uniformly distributed between background and 
background plus 10 counts/sec 

(d) As (c), but 90% of samples inactive (background only). Remainder 34-8 7:08 
uniformly distributed between background and background plus 
10 counts/sec 

(e) As (5), but discriminating power increased fivefold 172 8-04 
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(14) APPENDICES 


1) Theoretical Derivation of O.C. and A.S.T. Functions 
for the Parallel-Boundary Test 


is required to test the hypothesis that the unknown para- 
r, A, of a random process with Poisson distribution does 
exceed a specified value, X.. In general it is possible to 
se, from purely practical considerations, two values, 
<A, and A, >A,, such that when A< A, the hypothesis 
id be accepted with a probability of error not exceeding 
e small quantity «;, and when A > X, the hypothesis should 
sjected with a probability of error not exceeding «,. When 
s between A, and A, the magnitude of an error is quite small, 
ie probability of error can be allowed to exceed a, and «). 
Tequirements for the test are thus defined by the four 
tities A,, «1; Az, «>. 

‘sequential probability ratio test, of the type developed by 
d, tests one hypothesis against another. In this case it is 
‘ired to test the hypothesis that A < A, against the alternative 
thesis that A > A,, with tolerated risks of error defined by 
%1; Az, &. It is, however, more convenient to test the 
thesis that A = 4, against the alternative that A = A, with 
} of error again defined by ,, «;; Ay, x. When this latter 
leads to acceptance of the hypothesis that A = A, with the 
ated risk of error, then the risk of error incurred by accept- 
the hypothesis that A< A, is smaller than this, provided 
A lies outside the range A; << A < A). 

iefer and Wolfowitz? consider sequential probability ratio 
of this type and give rules of the form: 


(a) Accept the hypothesis that A = A; if nm — taAy/r < K. 
(6) Accept the hypothesis that A = A2 if n — taAy/r > J. 
(c) Continue testing if J > n — tAy/r > K 


: log (A2/A1) 
' "Fafa — 1 
Ao log [a2/(1 — o1)] 
log (A2/A1) 
log [1 — o2)/o1] 
Che  osGuh). <J+1 


The slope of the boundary lines is thus A;/r. 


i Section 5 we could, for example, have stated the require- 
ts for the parallel-boundary tests by taking two points on 
9.c. of the rectangular-boundary test, corresponding to 1% 
ability of error. Thus A, = 3-3, a =0-01, A, =7°1, 
= 0-01, and from the relationships given above we obtain 
-—6,J<6<J+1,A,/r = 4:96. The graphical solution 
— K = 6, slope = 5, is thus confirmed. 

Iternatively, it may be required to tabulate the o.c. and a.s.t. 
tions for a test with specified values of J and K and for 
h the slope of the boundaries is to beA,. The o.c. function, 
,is the probability of accepting the hypothesis that A> Ao. 
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Reference 3 gives Tables of a function P(g, J, K), where 


and q satisfies the condition A = ew 
a ml 9 
where the slope of the boundaries is X.., 


q = (A, log g)/(q — 1) 


For any required ratio of the mean occurrence rate to the 
tolerance rate, A/A,, the Tables of P can be entered at the appro- 
priate values of g,J and K to obtain the value of the o.c. function, 
L(A), and also the average sample number, /(A). The average 
sample time, A(A), is given by A(A) = A(A)/A. 

The functions P and hf are tabulated in Reference 3 for 
selected values of J and K in the range 2-10 inclusive. For 
larger values of J and K the following inequalities, derived from 
Reference 3 will usually give adequate approximations for 
L(A, J, K) and A(,, J, K) when the slope of the boundaries is ,. 

When A # A,, 


In the special case 


1 — gk 


rae TN ee rae sy ltea te (1) 
logg A 
where eo aoe 
When A = A,, 
—K —K 
ie an LA) < ree (2) 
When A < A,, 
K +(J — K)LQ) Hi K+(J+1—K)L() 
When A > A,, 
K+(J— K)LA) _ AA) < K+(J+1—K)LA) Lo) 
A— 2. A—A, 
When A = A,, 
2 Dy al 2 Silas oP 
K?+(0V KALA) — sy < KAI +) K?]LA,) 


r r, 


(5) 


As q is a function of the relative occurrence rate, A/A,, it 
follows that the o.c. function, 1 — P(g, J, K), and the average 
sample number, h(q, J, K), depend on the relative rate and not 
on the absolute occurrence rate. 

The inequalities given above are not very easily handled and 
further approximation is desirable. When A is sufficiently large 
or small for L(A) to be regarded as equal to 1 or 0, inequality (3) 
reduces to 


AQ) = KI — A,) 
and inequality (4) reduces to 


Af J+1 
ae ae eee 

For the cases considered in the paper the computed results 
show that when L(A) tends to unity, A(A) is very nearly equal to 
JJ(A — A). When A = A,, then L(A) is approximately 4, and if, 


in addition, it is assumed that J = — K, then inequality (5) 
reduces to 
2 Jo J as 
Ji < AA) < fee a's 


re r. 
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In the cases computed in the paper, the a.s.t. at tolerance counting 
rate tends towards the lower of these two limits. 


(14.2) Determination of Average Sampling Time of a Parallel- 
Boundary System counting a Rectangular Distribution 
of Activities 


Section 14.1 shows how the average sampling time for a given 
value of radioactivity can be ascertained. To obtain the average 
sampling time for a rectangular distribution of activities it is 
necessary to calculate the area under the a.s.t. curve between 
specified values of the true counting rate. It is difficult to obtain 
an exact analytical expression for this curve, so the approxima- 
tions given in Section 14.1 will be used as follows: 


When 
A< (. ar a 
When 

(0. st a) Ne (. “ 2 andJ=—K, A(A) =J2/r, 
When 
AS Q + i) ; 


The broken curve in Fig. 8 shows how the a.s.t. curve obtained 
from these approximations compares with an a.s.t. curve obtained 
as described in the paper. It will be seen that the areas under 
the two curves differ only slightly and that, if anything, the 
approximation tends to overestimate the area. Using this 
approximation, the area under the curve between two counting 


A(A) = — KJA.—A) 


AN =D 


rates, A, and A,, when J = — K, is given by 
Ne tel K 2) ) ro 
K J if 
_ pete :) dX 
| Rae wleguley FR + [xy 
da AetAclI 


This is equal to 


A. —A A, —A 
J(2 + log. J . te [eyo fo ‘) 
Ne Ac 
To obtain the average sampling time, this expression is divided 
by the length, A, — A,, of the rectangular distribution, so the 
average sampling time for this distribution is 


J ee 
Di aor at a 


When, as in the case considered in the paper, the rectangular 
distribution extends from A = 0 to A = 2A,, then A, = 0 and 
Ap = 2A... The above expression then reduces to 


J(1 + log, J)/A, 
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(14.3) Determination of the Average Sampling Time ¢ 
Rectangular-Boundary System counting a Rec 
Distribution of Activities 


As in Section 14.2, it is convenient to derive a simple appt 
mate expression for the a.s.t. function. Counting rates ne 
are counted with a standard deviation of approximately yi 
so that, when A<A, — A,/\/ng, we can suppose that 7 
samples are time-limited and the a.s.t. is t,. Likewise, y 
A> A, + Ac/\/np most samples are count-limited and the ¢ 
is np|A. 

When dA, — A.[\/n << A<A, +A,/\/np, some samples: 
time-limited and some are count-limited. The broken cu 
Fig. 5 shows that in this region a good approximation is achi 
by linear interpolation. Thus, the area under the a.s.t. © 
between A = A, and A = A, is 

A, 


"i 
Np 

Na 

Ret Deel 


By definition, t, = 7,/A,, so the expression reduces to 


t Q. = oe — 9) f (% - a en aes 2 


r 1 r, | 
pel file Bede SB 0 a eee 
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The average sample time between A, and A, is therefore » 
Np ra 1 
1 pee ed 
aul he 1+Viy 


The rectangular distribution discussed in the paper extends { 
A =0toA = 2A.,, so that A, = 0 and A, = 2A, and the expres 
reduces to 


+ log. 
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(14.4) Discriminating Power of Parallel-Boundary Test 


For given values of ~, and «, (see Section 14.1), the p 
of the test to discriminate between A > A, and A < A, ma 
expressed as A,/(A, — Aj). 

Taking A, as the slope of the boundary lines (see Section } 


Ap Ae Bey 
“rr log (Ag/Ay) 


r 


Thus, for probabilities of error «, and a, the discrimin: 
power D is I/log (A,/A,). If J = — K and a, =a, =a, 
J = — K= Dog [(1 — «)/«] and therefore D = J/log [(1 — a 
lia = 02275 D — lone ke 
If « = 0-01, D = 0:218V or —K). 
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Mr. B. D. Corbett: The authors have enunciated an elegant 
principle which should obviously be applied in all future instru- 
ments designed for checking radioactive contamination of the 
hands. The need to save time in such tests is particularly acute 
at nuclear power stations where a large number of men, all 
anxious to get home, come off shift at the same time. 

The authors have analysed the function of an ideal difference 
integrator, which may be considered as a pulse ratemeter having 
an infinitely long integrating time-constant. I have given some 
consideration to the application of their principle in a circuit 
having a finite integrating time-constant, i.e. the capacitor has a 


leak resistance connected across it. This was prompted 
wish to use simple transistorized circuits. Using the aut 
symbols, we have, for the integrator or countmeter circuit, 


Coefficient of variation = 1/4/(At) at time ¢. 
For a ratemeter circuit with integrating time-constant, 7, 


1 
a/(2Xr tanh t/27) 


This approaches the limiting value 1/./(2Ar) when t +7. 
Hence it may be shown that the loss of accuracy of the 


Coefficient of variation = 
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as compared with the countmeter circuit is small pro- 
that the time required to reach a trip point is equal to or 
han the integrating time-constant. Table A gives the 


Table A 


Increase in 
assessment time 


wACS*® 
oo 


= 
MmAnNNO 


ve increase of time required by the ratemeter for a given 
tical accuracy. The authors’ statistics may therefore be 
od in the design for a ratemeter circuit using the parallel- 
dary sequential testing principle. 


CLOSES AT t=0 


Fig. A.—Biased ratemeter circuit. 
Q = Charge per pulse. 
= Tank voltage. 
V. = Reference bias voltage. 
i = Metering current. 
R, BR = Leak resistors. 


Time-constant is tT = a RC 


nsider the biased ratemeter circuit shown in Fig. A. At 


brium, 
EO AGN 


oar Sania 
MOTB ES 

16 
neral, one or other of the trip circuits will operate before 
brium is reached and the following equation applies: 


ce A. Q =z 

a Be 1d — e—"*) 

/m is the number of maximum permissible levels and 
3 A/A,. Background can be subtracted by control of V, 
subtracting pulses from the common tank through another 
(Fig. B). The type of ratemeter envisaged in these circuits 


ence i= 


Ine 
= 
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Fig. B.—Background subtraction by pulses. 
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me 
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is one using inductive storage of energy, enabling voltages of 
the order of 100 volts or more to be used on the ratemeter 
integrating capacitor. 

The authors’ principle suggests the need for double-input 
reversible scalers to enable the difference-integration process 
to be carried out digitally. Is this being considered? Further, 
is an indication of the expected value of the detected activity 
desirable in some cases? This could be provided by a suitably 
calibrated clock to time the process in conjunction with the high 
and low indicators. 

Dr. Denis Taylor: For some years I have been conscious of 
the need to economize in counting time and in a book* published 
in 1958, I mentioned the use of a preliminary rough assay, and 
was interested in methods of the type described in the paper. 

The application to hand and to filter-paper monitoring 
seemed quite definite. I wonder whether we could not apply 
the principle to problems connected with burst-fuel-element 
detection systems. One problem has been to devise a satis- . 
factory system with which to operate when a reactor is shut 
down. One solution involves monitoring «-activity from the 
oxide type of fuel. The activities may be very low, and so the 
special conditions considered by the authors apply here. How- 
ever, although there are a large number of fuel-element channels 
to monitor in a power reactor, one does not necessarily need to 
complete the cycle in an extremely short time if it is shut down. 
If a cheaper and simpler apparatus involving a longer cycle 
time can be used, it is probably still acceptable. 

Another important field is body monitoring. One might be 
faced with a situation where a relatively large number of people 
had been involved in an accident following the escape of radio- 
active material. The initial problem would be to sort out those 
who had been contaminated by inhaling or absorbing radio- 
activity. The matter has to be dealt with very quickly, and this 
might be another case where the authors’ method would be of 
value. 

Could the technique have a wider application beyond the 
field of health physics? Many of us are interested in process 
and plant control and perhaps the parallel-boundary technique 
could be applied there. One is concerned with keeping the 
activity between two set limits rather than deciding whether it 
is above or below a predetermined level. There are a number of 
processes where the instrumentation is used to indicate whether 
the control system is working properly and the activity is between 
preset limits. One can think of having something of this kind 
over and above the control system as a quick-acting mechanism 
to give warning if the activity is outside the particular limits 
necessary for proper control of the process, and it does not seem 
to represent such a tremendous step from what we have heard 
to-night. Have the authors considered the problem and might 
their techniques be applicable to it? 

Mr. R. D. Trotter: The authors have transmuted the statement 
that ‘35 counts or more in seven seconds is about tolerance 
level’ into the following: 


(a) If the test has continued for a predetermined time, fp, reject 
the hypothesis that the observed occurence rate is greater than the 
tolerance rate and terminate the test. 

(b) If the cumulative total of pulses has reached a predetermined 
value, np, accept the hypothesis and terminate the test. 


That sort of thing frightens people away from statistics, even 
though a more scientific application of ionic is no doubt very 
good for everyone concerned. 

Fig. 9 is the key diagram, especially curves (b) and (d), which 
show the substantial saving in time for a large number of tests 
which can be made by using the parallel-boundary method when 


* Tayxor, D.: ‘Radiation Hazards and Protection’ (Newnes, 1958), p. 142. 
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the signal level is well away from a critical value. The curves 
drawn are for operating characteristics which are similar for 
the two techniques, because health physicists cannot make up 
their minds on the real criteria for decision. It seeems to me that 
the accuracy of the pulse-height definition is an equal hazard to 
either method, but in the case of the parallel-boundary technique 
the stability of the current leakage of the difference integrator 
must be beyond reproach and not introduce a further source 
of error. 

I also am interested in the possibility of the technique beng 
applied to burst fuel-element detection systems, but I have more 
in mind burst-slug detection when the reactor is operating at 


THE AUTHORS’ REPLY TO 


Messrs E. H. Cooke-Yarborough and R. C. M. Barnes (in 
reply): Mr. Corbett’s calculation of the behaviour of a difference 
integrator circuit with a finite time-constant is a useful extension 
to our paper. We investigated this case to the extent of showing 
that the average sample time was considerably lengthened at 
counting rates close to A,. We went no farther, because we 
found that a transistor circuit giving an adequately long time- 
constant could be devised quite simply. Fig. C shows the 


+10V 


5000 
-15V 


Fig. C.—Circuit for a difference integrator. 


C, 2uF Ji, J3, Type OC201 
C2, 10uF Jo Type XA102 


circuit used in the equipment demonstrated. Transistors J, 
and J, form, with C,, a Miller integrator. They also function 
as the two diodes of a diode pump circuit. The negative-going 
input pulse cuts off J, emitter and turns J; on, and C, and C, 
then discharge in series through the base of J,. This changes 
the voltage across C, by 1/6th of the input pulse voltage. At 
the end of the pulse J, cuts off and C, recharges through J, 
emitter. When this process is complete the normal Miller 
feedback is restored. The 5-volt avalanche diode provides the 
voltage displacement necessary for the meter to read zero at 
the centre of the range of the integrator. When the reset contact 
is closed the bases of J, and J; are at the same potential, and 
since both transistors are of the same type and J, emitter is 
earthed, the emitter potential of J; is very close to earth and 
zero drifts are largely eliminated. 

The Miller integrator has finite loop gain, so the time-constant 
is also finite, but it can be substantially increased by positive 
feedback applied from the collector of J; to the low-potential 
end of the difference-integrator leak-resistor. A time-constant 
long compared with the sampling time can be achieved without 
critical adjustment. 

A difference integrator using a reversible scaler has been 
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power. Here the problem is to sample many channels sec 
ally, inspecting each in turn. Because it is necessary to go 
the whole reactor in a reasonable time, with a reasonable a: 
of equipment, the time one that can spend on each indi 
sample is limited. Can parallel-boundary techniques in 
the operating characteristic that is obtained for a sam 
shorter time than one would really like for a statistical 
The problem is to detect when the signal is above the tol 
level, with a sample that has large random fluctuations. I 
any possibility that these techniques can also be used in ai 
way—to provide us with the rate of change of activity de 
between reading or sampling times of very short duration 


THE ABOVE] DISCUSSION 


described by Moss.* So long as J and K can be kept witt 
limits of a single Dekatron, the complications of rev 
carry are avoided and the circuits present no difficulty. 

A suitably calibrated clock could certainly allow an aa 
mate indication of the strength of the activity, but con 
might arise from the double-valued readings which we 
obtained. A better arrangement might be that sugges 
the penultimate sentence of the second paragraph of Sect 
of the paper. Here, if a time limit is applied, the scaler } 
direct measure of the counting rate if this exceeds A,, wa 
lower counting rates the contents of the scaler are a noa 
but non-ambiguous function of the counting rate. 

In reply to Dr. Taylor, the principle’ described shot 
applicable to burst-fuel-element detection systems in situ 
where the limitation on detection is due to counting st: 
and where the mechanism for sampling different cham 
such that the sampling times can be varied. The system : 
be applicable to continuous monitoring of activities 
circuits are arranged so that the difference integrator 1 
as soon as an indication is obtained. We have briefly inves’ 
continuous monitoring by use of a difference integrator 
appears that, while large changes of activity give a w 
sooner with the difference integrator than with a convei 
counting rate meter and trip circuit, the reverse is true 
change is small. 

While we concede that the two sentences to which Mr. ” 
has taken exception might have been less formally word 
cannot agree that they are equivalent to his statement ‘35. 
or more in seven seconds is about tolerance level’, wl 
neither general nor rigorous. They are preceded by twe 
of less-rigorous description of the two procedures. The 
expressed view that ‘anything can be proved with ste 
usually results from loose descriptions of the procedures in: 
On the other hand, it is difficult to be rigorous without 
wording which is almost legal in character. 

The difference integrator is no more sensitive to ¢ 
leakage than a conventional ratemeter. In either case < 
percentage change in the effective value of the leak resist 
produce the same percentage change in the apparent value 

The parallel-boundary test cannot, in a given length o 
obtain information about an individual sample which is : 
cally more significant than that obtained by any other 1 
it is of no advantage if the time available to examine an ind 
sample is fixed. If, however, it is only the overall time to e: 
many samples which is limited, and the time for ind 
samples can be varied, then the advantages of the p 
boundary test can be exploited. We have not inves 
techniques for detecting rate of change of activity, but it 
likely that a similar rapid method exists. 

* Moss, G. H.: ‘A Medical Application of Difference Integration’, Proce 


the Third International Conference on Medical Electronics, London, 19¢ 
published). 
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SUMMARY 


paper describes an analogue computer which can solve pulse 

sr functions and operate as a discrete controller for compensa- 
f sampled-data or continuous systems. Operational amplifiers 
licon-diode switches are combined to perform the basic functions 
ypling, holding and time delay. The accuracy obtainable is com- 
le with that of digital controllers, but the analogue computer 
e advantages of simplicity of setting-up and low cost. Adjust- 
of the controller parameters is easy, and the computer can be used 
ermine the coefficients of the pulse transfer function for optimum 
ion before a digital computer is employed. A simplified method 
crete-controller design for saturating sampled-data systems is 
resented. 


LIST OF SYMBOLS 


e, d = Constant or gain of a computing amplifier. 
n,q = Integer. 
p = Laplacian operator. 
» = Circuit input voltage. 
v = Amplifier input voltage. 
v”’ = Amplifier output voltage. 
”; = Diode switch or transistor switch input voltage. 
= ert. 
6 = Sampling interval. 
c(t) = Output time function. 
h(t) = Response of the plant to a unit pulse input. 
i(z) = Pulse sequence of A(Z). 
r(t) = Input time function. 
y(t) = Response of the plant to a unit step input. 
(z) = Pulse sequence of w(t). 
‘Cy = Feedback computing capacitance of an operational 
amplifier. 
_K = Amplifier gain. 
R, = Base resistance in a transistor switch. 
R, = Incremental resistance of a silicon diode. 
‘R;,, = Feedback computing resistance of an operational 
amplifier. 
‘R;=Input computing resistance of an operational 
amplifier. 
R, = Switching-voltage resistance of a diode switch. 
T = Sampling period. 
(p) = Transfer function of the plant or that of a system. 
Xz) = Pulse sequence of the output of a system. 
(z) = Pulse transfer function of the discrete controller. 
(z) = Pulse sequence of the error function. 
(z) = Pulse transfer function of a system. 
(z) = Pulse sequence of the forcing function. 
(z) = Pulse sequence of the input to a system. 


Slucharoff is in the School of Electrical Engineering, University of New South 
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(1) INTRODUCTION 


(1.1) Sampled-Data Systems 


During the last decade sampled-data systems have become of 
considerable interest and importance to engineers and scientists. 
In such systems signals appear at one or more points of the 
system, not as continuous but as discrete functions of the time 
variable t. These signals are usually in the form of pulses or 
numbers applied at equally spaced intervals of time, and no 
information is received between two consecutive signals. For 
example, if a digital computer is used, the data input and output 
are applied intermittently, and its operation is essentially that 
of a sampled-data system. The rapid advancement in the field 
of digital computers, and their increased reliability from the use 
of solid-state components, have made the application of such 
computers in large-scale systems practical. There are numerous 
other examples of sampled signals in control systems; the sampled 
information may be inherent to the type of system, or it is 
purposely introduced where the use of sampled-data techniques 
results in a control system superior to an alternative unsampled 
system. 

The behaviour of sampled-data systems is most easily studied 
by means of the z transform,!-*»+ an operational method similar 
to the Laplace transform for continuous systems. The z trans- 
form can be considered as a modification of the Laplace transform 
or approached directly as the operational calculus of number 
sequences. In the following, a simplified approach has been 
adopted to illustrate some of the properties of the z transform 
without mathematical rigour. 


r(t) 7 X(t) | c(t) c(t) 
ecrenraieia “$2 C(z) 


2T t 


u 
(6) 


Fig. 1.—Sampled-data system. 


(a) Linear system between two samplers. 
(6) Sampler output for a step input. 


Consider the linear system G(p) in Fig. 1(@), with a sampler 
at both its input and output. The samplers are represented by 
periodic switches, which are closed during the short sampling 
intervals 5 and open for the rest of the periods 7, so that, fora 
step input r(f) = R the output of the sampler SI is as shown in 
Fig. 1(b). If the sampling interval 6 is sufficiently small the 
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pulses can be considered to be impulses of area R, and the 
Laplace transform of the sampled input r*(1) becomes 


RD) a Re eee ee) 


If a change of variable is made such that z = ¢?7 the transform 
of the sampled sequence can be expressed in terms of the new 
variable z as 


RG) RO Pek ha eee 


This infinite summation is called the pulse sequence of the 
input signal, and z~! = e 2 represents a time delay of one 
sampling period 7. When the input signal r(‘) is some other 
function of time, the output sequence of the sampler is simply 
given by 


co 
RG) = > rki)z* 
where r(KT) is the value of r(¢) at t = kT. 
If the Laplace-transform R(p) of the input time function r(f) is 
a ratio of finite polynomials in p, the pulse sequence of the 
sampled function can be expressed in closed form as the ratio 
of finite polynomials in z, and is called the z transform or the 
pulse transform of the time function. The z transform can be 
calculated by well-known mathematical methods and is exten- 
sively tabulated.!:}4 For the above simple example, however, 
when r(f) is a step input, the z transform can easily be determined 
directly from the pulse sequence as 


RZ) = RO 4 ee See ee cia 

Conversely, when the z transform is available the pulse 
sequence can always be obtained by long division; for example, 
dividing (1 —z~') into R yields the above pulse sequence 
for R(z). 

Consider now the output of the sampler S2 of the system in 
Fig. l(a). The z transform C(z) of this output differs from the 
z transform R(z) of the output of the sampler S1, and the manner 
in which the pulse sequence has been modified by G(p) is given by 


CO) 


Ot) SRG) 


This is called the pulse transfer function or the z transfer 
function of G(p), and can be calculated in the same manner as 
the z transform of a time function given by its Laplace transform 
R(p). For a system whose Laplace transform G(p) has a finite 
number of poles, the z transform is a ratio of finite polynomials 
in z, and gives the pulse transfer function as 


_ a + ayz! + agz-2 +... 44,27" 


G 
@ 1+ bz— 14 bz-2 +... +4a,7-™ 


= (1 — ez7D0 — egz—})... — e275) 
°@ —d,z-D0 — dz)... 0 — dz) 


where the coefficients a, a,, dy... and b,, by... are real, and 
Cj, C2... and d,, d,... can be real or complex and are the zeros 
and the poles, respectively, of G(z) in the z-plane. To deter- 
mine whether a system with a pulse transfer function G(z) is 
stable or unstable, the locations of its poles in the z-plane are 
examined in a similar manner as the stability of a continuous 
system would be determined. When a system transfer function 
G(p) has poles in the left half of the p-plane only, the system is 
stable [Fig. 2(a)], and the limiting condition is p = jw, i.e. the 
imaginary axis. To determine the stability of a system given 
by a pulse transfer function, the same limiting condition applies 
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jw 
p-PLANE 


UNSTABLE 


(a) 


J 
z-PLANE 
UNSTABLE 


CIRCLE 


(6) 
Fig. 2.—Regions of stable and unstable poles. 


(a) Continuous systems. 
(6) Sampled-data systems. 


in the p-plane, but in the z-plane this condition becomes z = : 
i.e. the unit circle. Therefore, pulse transfer functions 
z poles inside the unit circle only represent stable sys 
[Fig. 2(6)], and pulse transfer functions with z poles outsid 
unit circle represent unstable systems. 

It can be shown that z functions may be manipulated 
braically in the same manner as p functions, and that 
principle of superposition applies, i.e. sampled-data system 
linear. Hence, the z transform technique can be used to an 
not only open-loop but also closed-loop sampled-data sys: 
and the stability condition indicated above is directly appli 
to the overall pulse transfer function of a feedback system. 
noted, however, that the z transform considers all signals a 
sampling instants only, and that a modified z transform or « 
technique must be used to determine the behaviour of the si 
between sampling instants. 

Sampling can be considered to be a modulation process, 
usually, before a sampled signal can be utilized in a u 
manner, a restoration of the continuous function is requ 
This can be achieved by the use of a low-pass filter, but a t 
method is to employ a holding circuit or data-reconstru 
device. A holding circuit holds its output at the value o 


r*(t) 


Carers Sr 
(a) (6) 


OT 2h 3h4T St t 


Fig. 3.—Data reconstruction by a holding circuit. 


(a) Input to the holding circuit. 
(6) Output of the holding circuit. 


previous sample, so that the sampled ramp input in Fig. 2 
converted into the staircase function shown in Fig. 3(d), ' 
is a much better approximation to the continuous functio 
is noted that the output function is equal to the input fur 
at sampling instants, and therefore the z transform of the o 
of a holding circuit is the same as that of its input. Si 


f 


9 olled. 


(1.2) Discrete Controllers in Feedback Systems 


*\mpled-data feedback control systems are usually error- 
iavled, and a discrete controller D(z) can be used to com- 
qite the plant to be controlled se Pp), as shown in Fig. 4. 


eae oom 


= Baier 
E(z) Baier 


‘ig. 4.—Error-sampled feedback control system with discrete 
: controller. 
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f discrete controller is described by a pulse transfer function, 
jtourpose of its introduction being to force satisfactory feed- 
¥. control. The input r(f) and the output c(t) of the system 
continuous functions of time, and R(z) and C(z) are the 
2 ansforms of these functions. The desired pulse transfer 
ws x : 
Gtion D(z) is of the form 

yo + ayz~1 + ayz-2 +...a,2-" 
1 + byz-! 4+ boyz? +...4,2~" 


Jit is physically realizable only if the denominator contains 
erm in z°. This is required because the expansion of D(z) 
“a power series must not contain terms to positive powers 
| It is noted that the numerator of D(z) can contain z~! to 
/power and that often terms like ag or a; are zero. 
iscrete controllers can be divided into several broad groups: 
Pure digital computers and computers with digital storage 
) analogue arithmetic operations.—Such controllers require 
y i ial-to-analogue and analogue-to-digital convertors, digital 
age on drums, tapes or cores and the associated control 
aits. The accuracy of such controllers is limited to that of 
) convertors and seldom exceeds 0:1°%. Special-purpose 
‘puters may be of moderate cost and time sharing is possible, 
iaat a number of feedback systems can be compensated with 
‘same computer. In large-scale systems the computer may, 
wae same time, be used to perform other functions such as 
# logging, which is widely used at present. In general, the 
jof a digital computer to compensate a single system would 
meconomical, and also the adjustment of the controller 
iimeters for optimum operation may be very difficult unless 
i plant transfer function is known with high accuracy. 
}) Pulsed filters.°—There is no difficulty in implementing 
ji controllers, but they are not as general as digital computers. 
} parameters to be adjusted are not directly related to the 
i ficients of the pulse transfer function, and also a discrete 
fitity is converted into a continuous quantity in order to 
‘cate on it, and again it is converted into a discrete quantity 
jae output. It is obvious that this is not a direct method of 
lementing a pulse transfer function. 

» Pulsed analogue computers. —In such computers all quan- 


D@) = 


‘a 


( rations are performed in an analogue manner. The pro- 
H} uming is similar to that of a digital computer, except that 


‘\malogue computers have the advantages of simplicity in 
/Orming the required arithmetic operations, easy program- 
‘OL. 108, Part B 
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ming and low cost. The basic principles of operation of pulsed 
analogue computers are described in the following Section, 
together with programming methods for such computers. 


(2) PULSED ANALOGUE COMPUTERS 


Consider a physically realizable pulse transfer function D(z), 
split into partial fractions 


D(z) = aA + az + ie or Ole Cy 
1 + Deze + Dye ge 1 — diz! 
22 \ { &. 
gar a Cates ae 
= Di(@) = DZ) es a. =a 
and assume that all coefficients cj, c,... and d,, d)... are real. 


It is seen that if a pulse transfer function of the form D,(z) = 
c,d — d,z—) can be realized in an analogue manner, the total 
transfer function D(z) is obtainable by simple addition. 

To realize D,(z), one writes 


C,(z) G. 
DMD = Re) Tart 
Cz) — C(z)d,z—! = c,R(z) 


CZ) = ¢,R@) + d,C@)z 


and the corresponding analogue representation is shown in 
Fig. 5. 


Fig. 5.—Analogue realization of the pulse transfer function 
3 Ch) _ Cr 
a eine ad 


It is evident that one unit time delay, i.e. a time delay of one 
sampling period, one addition and a sampler are required to 
realize any one of the simple transfer functions D,(z); an 
additional inversion may be required to obtain the polarity 
associated with the algebraic sign of d.. The input and the 
output are considered at the sampling instants only, and it is 
noted that the sampler in the feedback path ensures that signals 
circulating in the feedback loop are discrete functions of the time 
variable t. This sampler can be located in the feedback path or 
in the forward path of the feedback loop; in the electronic 
analogue computer described in this paper a sampler is incor- 
porated in each unit time delay, and therefore the simple transfer 
function D,(z) can be realized with one such unit time delay 
and summing operational amplifiers. Normally, all samplers 
are omitted from the diagram of a computer arrangement, and 
also the sampler which follows the arrangement of the total 
transfer function D(z) is not shown. 

The above method of setting up the computer is known as the 
parallel- programming or partial-fraction method, and uses the 
minimum number of unit time delays. The required minimum 
number of unit time delays is equal to the number of poles of 
the pulse transfer function. It may be noted that, in addition 
to the real poles considered above, a pulse transfer function may 
also have poles at the origin and complex poles. Poles at the 
origin are always present when the order of the nominator 

Hl 
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polynomial in z~! exceeds the order of the denominator poly- 
nomial in z~!. A pole at the origin represents a time delay of 
one sampling period and is simply realized by means of a unit 
time delay. Complex poles always occur in conjugate pairs and 
may be combined into a single transfer function with real coeffi- 
cients; such a pair of poles is usually realized by the more 
general method of programming described below. 

A more general method of programming which permits the 
setting up of the computer parameters directly in terms of the 
coefficients of a pulse transfer function, and also uses the 
minimum number of unit time delays, has been developed by 
Barker.! Consider now the pulse transfer function D(z) divided 
into two factors 


209 + yz) + az? +... 


Ee) 1 + bz a. byz—4 + Ar 


aK : ) 
1 + bya 3 + bszet ai aeh oe 
(ag tayz-1 + a@z-2 +...) = D(z)DZ) 
The block diagram for D,(z) is shown in Fig. 6, where each 


unit time delay is represented by a square box and its gain by 
a number or symbol inside the box. 


Fig. 6.—Block diagram of the pulse transfer function 


D(z) a. aa 


From Fig. 6 we,have 
C,(z) = R(z) — Cy(z)(Oyz7! + byz-2 ++...) 
C,(z) oe J 
R@ 1+) 2-!'+ bz-2 +... 
The total output C(z) is obtained by operating on C,(z) by 
D,(z), giving 
C(z) = C,(z) D(z) = Cy(z)(@o + ayz—-! + anz-?2 +...) 


but, since C,(z), C,(z)z~!, C,(z)z~2, . . . are already available, 
only one additional summation is required, as shown in Fig. 7. 


oF = DZ) 


R(z) 


C(z) 


Fig. 7.—Block diagram of the pulse transfer function 
Ce) 
RG 
It is noted, however, that another inverting amplifier may be 
required to obtain the correct polarity according to the algebraic 
sign of the coefficients. 


The necessary time delay in the above computer arranget 
which is equivalent to storage in digital computers, has bee 
main obstacle to the development of discrete analogue 
puters. Electric and acoustic delay lines are suitable onl 
time delays shorter than 1 millisec, but control systems 
require sampling periods of many seconds. Magnetic tap 
drums have been used to obtain time delays, but this me 
has not been fully investigated and the necessary mecha 
drive is not a desirable feature of this type of analogue sto 

In the analogue computer described in the paper, time d 
are obtained by means of two sampler-hold circuits operati 
equal but time-shifted sampling periods. Only operat 
amplifiers are employed and time delays ranging from z 
milliseconds to many seconds can be realized. In the folle 
Section the basic elements of the computer are described 
their performances are assessed. 


(3) BASIC COMPUTER ELEMENTS 


(3.1) The Sampler 


The function of the sampler is to convert continuous 
into a sequence of pulses, and it can take the form of a s9 
which is closed during the sampling interval 6 and is ope 
the rest of the sampling period T [Fig. 1(b)]. Diode gates 
be used, but such a sampler must work into a high-impes 
network with good zero stability and frequently an operst 
amplifier follows the gate.© However, a diode gate operati 
a switch and an operational amplifier can be combined 
circuit as shown in Fig. 8, with a number of advantages. 


Fig. 8.—Circuit diagram of the sampler. 


For an ideal switch and in the presence of an input volf: 
the output voltage v”’ is very nearly 


i per Rul(Re + Ry) 
i 

when the switch is closed and v’’ = 0 when the switch is: 
v; = v’ being very small for a large amplifier gain K. 

Consider now the ideal switch replaced by the 4-diode ¢ 
of Fig. 9(a), and its equivalent circuit when the switch is « 
in Fig. 9(6). This introduces series and parallel resistani 
the input of the amplifier, which are due to the increr 
resistances of the diodes, R,, and the switching-voltage resist 
R,, respectively, and their effects can easily be determé 
desired.’ It is sufficient here to state that the effect ¢ 
parallel resistance R, will be small if the amplifier gain is 
and that the effect of Ry will be negligible if R, is chosen 
large enough. Under these conditions the gain of the sa 
depends only upon R,, Rr and R,, as for the ideal s) 
Another effect of the parallel resistance R, is to increase thi 
put due to drift in the operational amplifier, and for this 1 
R, must be kept large; the use of a drift-corrected amplifi¢ 
effectively eliminate this effect. 

At this point it is pertinent to discuss the switching wi 
required to open and close the diode switch. The diode: 


i) 


(bd) 


Fig. 9.—Four-diode switch. 


wath (a) Circuit diagram. 
(6) Equivalent circuit applicable only when the switch is closed. 


pen whenever the terminals x; and x, are at zero potential. 
i is the case because a positive voltage v; due to an input v 
pass through D, but is blocked by D. Similarly, a negative 
ze V; will pass through D; but is blocked by D,. In cases 
output due to leakage in the diodes is undesirable, two 
ional silicon diodes can be connected (D; and Dg in Fig. 8) 
Mit v; to about 0-5 volt. If gold-bonded germanium diodes 
used this voltage can be limited to 0-2 volt, thus making all 
les of the switch non-conducting; silicon diodes do not 
ies, in either direction at 0-2 volt. 
| o lose the diode switch a positive voltage is applied to the 
“iinal x,, and a negative voltage of the same magnitude to 
“inal X, of Fig. 9(@). This switching voltage can be many 
d Ss smaller than the voltage to be sampled, v, and need only 
arge enough to cause conduction, provided that R, is kept 
i iciently large and R, sufficiently small to ensure negligible 
jis. This is the case because a positive input voltage »; 
er than the positive switching voltage will block D3 but 
Hence the switching voltage appears at the input of 
mplifier as a positive voltage v’, which after amplification 
inversion reduces the voltage v; and all diodes become con- 
A similar reasoning shows that the switch will close 
e voltage v, is negative and larger than the switching 
It should be noted that if the limiting diodes Ds; and 
used their effect is negligible when the switch is closed, 
@ v; almost equals v’ and both are very small. For example, 
amplifier gain, K, of 100000 and an output of 100 volts, 
voltage v,; would be 1 mV and silicon diodes have very high 
ces for such small voltages of both polarities; germanium 
s, however, may increase the output due to drift in the 
fier because of their relatively low resistances. The 
which operate the diode switches are shown in 
), and the overall accuracy of the sampler is many times 


VoLTs ©) 8 
+6 ie | at 
t 


| 
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better than 0-1% provided that the operational amplifiers are 
drift-corrected. 

Before concluding the description of the sampler, it is worth 
while to mention that a single silicon transistor can perform the 
function of the four-diode switch, with the additional advantages 
of lower switching power and single-pulse switching. The 
circuit is as shown in Fig. 11, where the diodes D; and Dg are 


Fig. 11.—Transistor switch. 


again used to limit the input voltage to the switch, v;, to 0:5 volt. 
The transistor switch is closed when a negative voltage larger 
than 0-5 volt is applied to terminal x;. However, the switching 
voltage causes an amplifier output determined by the base 
resistance R, and the feedback resistances Ry and R;, of the 
operational amplifier, and this output can be eliminated by 
applying a fixed positive voltage of equal magnitude to terminal 
x4. To open the transistor switch a positive voltage larger than 
0-5 volt must be applied to terminal x3, but care should be taken 
that the blocking resistance between the base and the emitter is 
sufficiently large effectively to block this voltage. The computer 
described in the paper employs only silicon diode switches, and 
transistor switches were not considered because silicon transistors 
were not available when the work was commenced; the base- 
emitter blocking resistance of germanium transistors is not 
sufficiently large, and large errors may result owing to tem- 
perature variations. 


(3.2) Sampler Hold 


Holding is equivalent to demodulation or restoration of the 
continuous signal and normally precedes the plant to be con- 
trolled and always follows the discrete controller (Fig. 4). The 
circuit of the sampler hold (Fig. 12) is similar to that of the 
sampler and the same diode gate [Fig. 9(a)] is used for switching. 


Fig. 12.—Circuit diagram of the sampler hold. 


When the switch is closed and an input voltage v is applied, 
the capacitor is charged according to the time-constant CR; and 
the final steady-state output is v’” = — vR,/R;; this applies for an 
ideal switch and very large amplifier gain. Considering the 
equivalent circuit of the diode switch [Fig. 9(b)] it can be readily 
shown that again the effect of the parallel resistance R, on the 
steady-state value is negligible if the amplifier gain is sufficiently 
large. However, a low value of R, may considerably increase 
the output due to drift in the operational amplifier. The main 
effect of Rj is only a slight increase in the charging time-constant. 

Since a time-constant is involved, the sampling interval ) 
must be sufficiently large to allow the final value to be reached. 
The feedback resistance cannot be too small because the power 
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output of the amplifier is limited, and the minimum feedback 
capacitance is dependent upon the sampling period T and the 
required accuracy as will be shown later. This imposes a lower 
limitation on the sampling period 6 for a given sampling period 
T, but ratios of 6/7 = 1/1000 can be obtained if required. 

When the switch opens, the output of the amplifier remains 
at the sampled value for a considerable length of time. Capacitor 
leakage, amplifier drift, grid current, amplifier input impedance 
and finite amplifier gain will tend to change the amplifier output. 
For example, in a sampler-hold with an amplifier gain K of 
100000, a feedback capacitance of 0-1 uF, an amplifier input 
resistance of 10? ohms and if the maximum output is 100 volts, 
the holding time must be limited to 10000sec for an accuracy 
of 0:1%. In addition, a capacitor leakage time-constant of 
10°sec, or an amplifier drift of 10mV or a grid current of 
10—!°amp, will limit the holding time to 100sec for the same 
accuracy and the above values of gain, capacitance, input 
resistance and maximum output. A larger capacitance will 
proportionally increase the holding time; e.g. an 1 wF capacitor 
with a time-constant of 10°sec will permit holding times up to 
1000 sec under the same conditions. However, sampling periods 
as long as this are seldom encountered in control systems; they 
are normally not longer than a few seconds. The use of a drift- 
corrected amplifier removes drift effects, and if a capacitor input 
is employed grid-current effects are also eliminated. 

The change in output due to a voltage v, at the input of the 
diode switch and the leakage resistances of the silicon diodes D, 
and D, is small for short sampling periods. If long holding 
times are required, this voltage can always be reduced to a 
negligible value by the use of the limiting diodes, as pointed out 
in Section 3.1. 


(3.3) Unit Time Delay 


It was already shown that a pulse transfer function can be 
implemented by means of summing amplifiers and unit time 
delays, i.e. time delays equal to one sampling period. The 
sampler hold described in the previous Section has the properties 
of a time delay, since the signal at the kth sampling instant is 
available at the output of the amplifier just prior to the (kK + 1)th 
sampling instant, but unfortunately not exactly at this instant. 
This difficulty can be avoided by connecting two sampler-hold 
circuits SH, and SH, in series (Fig. 13), each one being sampled 
at equal but time-shifted sampling periods. The switching pulses 


| #8 | sh 


Fig. 13.—Unit time delay made up of two sampler-hold circuits in 
series. 


Fig. 14.—Time sequence of the switching pulses of a unit time delay. 


for SH; and SH, are shown in Fig. 14, from which it is clearly 
seen that the output of SH, at the (k + 1)th sampling instant 
is equal to the input to SH, at the kth sampling instant. This 
is a time delay equal to one sampling period, and it is noted 
that there is no net sign inversion from the input to the output 
of the unit time delay, since each operational amplifier and 
thus each sampler hold introduces a negative sign. The 
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sampling interval 5, of the second sampler hold, can be 
times larger than the sampling interval 5, of the first sai 
hold, and this permits the realization of very small san 
ratios 5,/T for a given accuracy of a unit time delay. 
pulsed analogue computer was made up of such time ¢ 
and summing operational amplifiers. 


(4) ANALOGUE COMPUTER 
(4.1) Description 


The analogue computer was built at the University of 
South Wales as a research project to permit studies i 
behaviour of sampled-data systems. The computer can be 
to determine the response of pulse transfer functions, to sin 
sampled-data systems and operate as a discrete controll: 
compensation of feedback control systems. 

A total of 20 operational amplifiers are employed, eig 
which are used to provide four unit time delays; one is us 
sampler, one as sampler hold and the remaining amplifies 
be used as summing amplifiers or to simulate the plant. 
computing components, i.e. the input and the feedback ele: 
which determine the function of an operational amplifie 
mounted on plug-in units and can be easily modified w! 
different mode of operation is required. Provision is ma 
balancing, monitoring, initiation and other similar fur 
which are well-known analogue computer techniques ai 
not be discussed here. A central patching board is availa5 
interconnection of the operational amplifiers. 

All switching is performed with four-diode switches empi 
unselected silicon diodes. The long-term drift of such sw 
is only a few millivolts, and its effect is negligible for an o 
accuracy of 0-1% of a computing operation. The swit 
voltage supply, which provides the required positive and ne; 
pulses to close the diode switches during the sampling int 
was built entirely of transistors (Fig. 15). 


—6 VOLTS 


ASTABLE 
MULTIVIBRATOR 


+6 VOLTS 
-6 VOLTS 


W—+ 


OC71 


+6 VOLTS | 
Fig. 15.—Circuit diagram of the switching voltage suppl 


Two monostable multivibrators each driving an output 
consisting of a single transistor are employed. When the: 
vibrators are at rest, the output transistors are fully condu 
and they are so balanced that their output terminals . 
approximately +50mV and —50mV. For such low ve 
the silicon diodes are non-conducting in both directions a: 
switches are effectively open. When the multivibrato 
triggered the output transistors become non-conductin; 
output terminals are now at +6 and —6 volts and the 
switches are closed. Each multivibrator is adjustable, ss 


: ae ; wiles 

dulse width, i.e. the sampling interval 8, can be varied from 
8 ‘20 millisec. 

aie sampling period depends entirely upon the frequency of 


triggering pulses, but there is a limit at higher frequencies 
ok the sampling period cannot be smaller than the smallest 
dling interval, which, in this case, is 3 millisec. There is no 
: at lower frequencies. To make the computer independent 
a sternal oscillators an astable multivibrator was added, whose 
fy aency can be varied between 1 and 50c/s. 


#1e astable multivibrator only triggers the monostable multi- 


?16.—Computer arrangement of a pulse transfer function with a 
? single negative real pole. 


ator, whose output operates the diode switches of the first 
oler hold (Fig. 13) of a unit time delay. This multivibrator 
'/ operates the switches of the separate sampler and the 
tate sampler hold in the computer. The switch of the 
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(4.2) Operation 


To illustrate the operation of the computer in determining 
the response of pulse transfer functions, consider the simple 
transfer function D(z) = ao/(1 + b,z~1), where ay and 5, are 
real and positive. The computer arrangement of this transfer 
function is shown in Fig. 16, and it is seen that the correct sign 
for b, is available at the input of the summing amplifier since the 
unit time delay introduces no net phase shift. A record of the 
step response of this computer arrangement when followed by 
a sampler hold is shown in Fig. 17 for various values of b,; it 
should be noted that the overshoot of the recorder pen is absent 
when the output is observed on an oscilloscope. It is seen that, 
for b, > 1, the output grows in an oscillatory manner indicating 
that the computer arrangement represents an unstable system. 
In such a computer arrangement, even the slightest disturbance 
will cause an output which increases until limited by saturation. 
Making use of the unit time delay as an adder, a zero can be | 
sometimes introduced in the transfer function without the use 
of an additional amplifier. From Fig. 18 the output of this 
computer arrangement is 


C(z) = — agR(z) — a’byz—!R(z) — byz—!C(z), 
_ C@) _ a tathyz* 


ae St iae which yields = 
vod sampler hold SH, of a unit time delay is being operated o R(z) 1+ d,z7! 
‘Hae other monostable multivibrator. This multivibrator must , 
‘Wtiggered after the switch of the first sampler hold SH, has Aadethezecat ic aby 
jied; this is accomplished by using the pulse which opens the ay 

i ; 
| r BS) Bee toe ae) .? 

rea eatin at ONT ire 

ar ee aioe Si 


ich of SH, to trigger the multivibrator, so that the switch of 
closes immediately after the switch of SH, has opened 
{. 14). 
| may be noted that the impedance of the output stages is 
‘} zero, and currents fed into the switching voltage supply, 
to the voltages v; at the inputs of the diode switches, may 
‘arb the balance. Again, this effect can be eliminated by the 
| of the limiting diodes D; and Dg, as shown in Fig. 8. Another 
ibility is to design the voltage supply so that blocking 
fages of equal magnitude are applied to the diodes to open 
Switches. This will eliminate currents fed back into the 
| ching voltage supply, but the blocking voltages must be at 
t equal to the voltages to be sampled and more elaborate 
age supply circuits will be required. In addition, the large 
‘king voltages may cause diode currents far larger than the 
|. current of an amplifier, and since the blocking resistances 
|1e diodes D, and D, are, in practice, never equal, considerable 
yas may result, as indicated in Section 3.1. 
he overall accuracy of the computer is largely a matter of 
bration, but it is better than 1°% if standard high-stability 
‘tors are employed as computing components ; this, of course, 
‘lies only if the accuracy requirements discussed in the 
vious Section have been met. When an accuracy of 0-1 7% is 
‘aired, careful adjustment of the various computing gains 1s 
ssary, and if this accuracy is to remain over long periods of 
®, drift-free operational amplifiers may have to be employed. 
Wwever, many industrial controls do not require an accuracy 
ver than 1°, and in research and simulation this accuracy 


yiten quite satisfactory also. 


Fig. 17.—Step response of the computer arrangement in Fig. 16, for various values of gain 54. 


Transfer functions with a single positive real pole can also 
be realized with the computer arrangement of Fig. 16, but with 
an inverting amplifier in the feedback loop. Another arrange- 


Fig. 18.—Computer arrangement of a pulse transfer function with a 
negative real pole and a negative real zero. 


Fig. 19.—Computer arrangement of a pulse transfer function with a 
positive real pole and a real zero. 


ment which eliminates the inverting amplifier is shown in Fig. 19. 
The sampler or sampler hold, which always follows the arrange- 
ment of a pulse transfer function, can be used as a summing 
amplifier, so that, in fact, such transfer functions are realized 
with a single unit time delay. From Fig. 19, ee 

ace ¥4, 

C\(z) = az 'R(z)+b’2!C\2) or Ci@= 


1— b’z~! 
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a itl 


t 
Fig. 20.—Step response of the computer arrangement in Fig. 19, for a’b” = b’ao and various values of gain 5’. | 


and C(z) = — b’’C,(z) — apR(z) gives the transfer function as 


=: C(z) 
R) 


(za ao a (a’b”’ = b’ap)z—! 
1—dz7! 


It is clear that, in addition to the desired pole b’, a zero can 
be introduced on the real axis, by choosing the gains a’ and b” 
so that —(a’b’’ — b’ap)/ag is equal to this zero. When a’b” = 
b’ap the transfer function is a/(1 — b’z—!), and the step response 
of this computer arrangement for various values of b’ is shown 
in Fig. 20. Again, the solution for b’ > 1 is unstable, and it is 
noticed that when 5b’ = 1 the computer arrangement represents 
an integrator, since the output at the sampling instants is the 
same as the pulse sequence of the integral of the step input. 

Two unit time delays are needed to realize a pair of complex 
conjugate poles. Transfer functions with large numbers of 
poles can be realized by the general method indicated in Section 2, 
but often the partial-fraction method is preferred because the 
effect of the individual poles can be studied independently. 


(5) DESIGN OF DISCRETE CONTROLLER TO COMPENSATE 
AND AVOID SATURATION IN A FEEDBACK SYSTEM 


There are a number of methods available for the design of a 
discrete controller to compensate a linear feedback system.!+2.3.4 
In saturating systems the controller can be designed in such a 
manner that the system does not saturate when subjected to the 
most severe input expected; for smaller inputs the system is 
obviously linear. This approach to the design of a discrete 
controller has been discussed by Bergen and Ragazzini2»? and 
Mullin. The method of design presented below generally 
follows the procedure developed by Mullin, but it is simpler to 
use, and serves to illustrate the compensation of a feedback 
system by the analogue computer. 

The system to be compensated with a discrete controller con- 
tains a saturating element as shown in Fig. 21, and for a step 
input an overall response is desired such that the output is equal 
to the input for all time after a finite number of sampling 
periods q. 

The input to the plant consists of discrete steps, i.e. the input 
is constant between sampling instants. Hence the output of the 
plant c(t) can be obtained as the sum of responses due to pulses 
of height H(k), giving the infinite summation 


c(t) =S nem — kT) + SHOW — kT) 
= k=q 


where A(t) is the response of the plant due to a unit pulse input, 
i.e. an input pulse of unit height and width equal to one sampling 
period T. 

If the plant contains at least one integration, the second 
term is zero, and the first term can be constrained so that it 
yields equations which meet the two conditions of the desired 
overall response. The steady-state condition requires that the 
sum of all time-independent terms is equal to the input, and the 
transient condition requires that the sum of all time-dependent 
terms is equal to zero after the specified number of sampling 
periods. From these equations a pulse sequence of the forcing 


function H(z) can be determined, with pulses of magnitude 
exceeding its saturation limits. Next the pulse sequence 0 
error function E(z) is obtained as the difference of the inp 
the system R(z) and the output of the plant C(z) due te 


r(t) 
R(z) > E(z) H(z) 


DATA SATURATING PCAN . 

CONTROLLER HOLD ELEMENT | 

. 

Fig. 21.—Feedback system with a discrete controller and a satur 
element. 


above determined forcing function H(z). Finally, the ; 
transfer function of the discrete controller is given by 


Example 1.—The plant transfer function is 


1 

ee: P(p + I) . 
and saturation occurs whenever the pulses of the forcing fuss 
H(z) exceed +1 unit. It is desired to compensate the syster 
a maximum step input of 2 units, and after four sampling p@ 
of 1 sec the output is to equal the input for all time; the re 
for the choice of four sampling periods for the given ina 
discussed at the end of this example. The step response 0 


se, 


Fig. 22.—Step response of the sampled uncompensated linear feeo 
system in Example 1. 


sampled but uncompensated linear system is shown in Fig 
and clearly the oscillatory behaviour of the system is undesis 
The response of the plant to a unit step input is 


w(t) =t—1-+e* 
and the response of the plant to a unit pulse input becomes 
h(t) = w(t) — w(t — T) 
t—-il+e?—|G¢—7)—1 + 5 Ga 


Hence the output of the plant due to an input pulse seq 
with pulses of magnitude H(k) is given by 


I 


I 


a) = H@[e — kT) —1 4+. g—(t-kT) 
(3 =@>T —kT) +41.— e754 


or, after cancellation of terms, by ; 


c(t) pai (K)[T + e~"(ekT — eT +kT)] | 


| the output is to equal the input after four sampling periods, 
‘or c(t) = 2:00 after t = 4T, the steady-state condition 


3 
ext) =) HUT = 2-00 
i ‘or the transient to die out, 
a | 
Wi 
‘ et HWE — eF+kT) = 0 
| k=0 


ere are two equations and four unknowns in the pulse 
e ce of the forcing function. It follows that two pulses 
z be chosen arbitrarily with the understanding, of course, 
oe never exceed the saturation limit of +1 unit. Assumin 

! ‘the first pulse H(0) and the second pulse H(i) take the 
it ing value of +1 unit, the equations become 

3 
uy H(OT =14+1+ H(2) + HG) =2-00 


n° 


fh 


WB 


ee tH) = (Oe) +t — 2) 

: + HQ\e? — 6) + HEME — 4) =0 
» Iving - the equations for the two unknowns 
a = 0-29 and H(3) = 

=| 


yields 
— 0:29, and the pulse sequence of 
forcing function becomes A(z) = 1:00 + 1-00z—! + 
z~* — 0-29z—3, 

™) determine the pulse sequence of the plant output C(z) 
i to the forcing function H(z), the pulse sequence of the unit 
ee is found by calculating the values of w(t) = 

| 


jl + é~‘ at t = kT, giving 
B= (0 + 0-37z-1 + 1-142-2 4+ 2-052-3 + 3-022-4 4+...) 


pulse sequence of the plant response due to a unit pulse 
tis then 

; ) = w(z) — w(z)z—! = (0-37z-! + 0-772"? 

| + O79 ga? 0-917 4 4. <') 


the pulse sequence of the plant output becomes 


ite = H(0)h(z) + H()h(z)z—! + H(2)h(z)z-2 +... 
me (0-372—! + 1-142-? + 1-792-3 + 2-002-4 
+ 2-00z-> +...) 


ye error function is determined from E(z) 


j — R(z) rag C(z), 
# for a step input 
| RG) =2-00(1-00 + 1-00z-! + 1-002-2 +...) 
the above C(z), it is found to be 
Hai 
) E(z) = 2-00 + 1-63z—! + 0-86z—2 + 0-212z73 
f ae discrete controller transfer function is then 
J Die) meen) 1°00 1-002--0°202- = 0-297-° 
im ~ E(z) 2-00 + 1-63z—! + 0-862? + 0:21z-3 


: he analogue-computer arrangement of the controller is 
wn in Fig. 23, and a record of the step response of the com- 
sated system is shown in Fig. 24, which should be compared 
1 the step response of the uncompensated system in Fig. 22. 
re is a maximum input for which the system can be com- 


sated in four sampling periods without exceeding the specified 
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E(z) 


Fig. 23.—Analogue computer arrangement of the discrete controller 
in Example 1. 


1 SEC 
=a 


Fig. 24.—Step response of the compensated system in Example 1. 


limit of +1 unit for the forcing function. To find this maximum 
input R,,,,,, the steady-state equation is written as 


1+ + HQ) + AG) = Ras 


but the transient equation remains as before. Elimination of 
H(3) yields R,.g, = 1:815 + 0:636H(2). The input will be a 
maximum when H(2) is positive and has the maximum possible 
value, i.e. when H(2) = 1-00, giving 


Rmax = 1°815 + 0:636 = 2-451 


The value of the last pulse is then readily determined as 
H(3) = — 0-549. Had the solution resulted in a value of 
H(3) > |1|, the procedure would have had to be repeated by 
eliminating H(2) and determining R,,,,, for the maximum possible 
value of H(3). A similar procedure is adopted when a larger 
number of unknown pulses are present. 

If the maximum input for which it is desired to compensate 
the system is larger than R,,,,,, the number of sampling periods 
must be increased, and if the maximum input is much smaller 
than Ryax, 2 decrease in the number of sampling periods may 
be possible, resulting in improved performance of the system. 

Example 2.—This example illustrates the design method when 
the plant transfer function has complex poles. The plant 
transfer function is 

2 , 

G(p) = eee eas 
pp = 2p -- 3) 
and again the controller must be designed so that the forcing 
function never exceeds +1 unit for a step input. It is required 
that the output shall equal the input after five sampling periods. 
The sampling period T is, as before, 1 sec. 

The response of the plant to a unit step input is 


w(t) = 0-20¢ + 0°42 + 0-46e~£ sin (2¢ — 1-15) 
and the response of the plant to a unit pulse input is given by 
h(t) =0:20t + 0-42 + 0:46e~* sin (2¢ — 1-15) — 0-20 — T) 
— 0-42 — 0-46e—¢-T) sin [2(¢ — T) — 1-15] 
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The output of the plant due to a pulse sequence H(k) is 


c(t) -3F (A)h(t — kT) 


and the steady-state and the transient conditions yield three 
equations: 


4 
3 H(k)0-20T = Rinax 
k=0 
4 
Y A (kek? cos 2kT — eT + kT cos 2(T + kT)] = 0 
k=0 


4 
> A(’ eX? sin 2kT — eT + *T sin A(T + kT)] = 0 
k=0 


Hence three pulses H(2), H(3) and H(4) of the forcing 
function are unknown, with H(0) = H(1) = 1:00. Substitu- 
tion of numerical values and elimination yields R,,,, = 0-68, 
with H(2) =1-:00, H(3) =0-31 and H(4) =0-093. The 
discrete controller can now be designed as before. 

In conclusion, it may be said that the analogue computer 
confirmed the validity of the design method. This method can 
also be adapted to design a controller for ramp inputs with zero 
steady-state error when the plant to be controlled has only one 
integration. Similarly, a controller can be designed for step 
inputs with zero steady-state error when the plant has no 
integration. In these cases the additional integration required 
for zero steady-state error is contained in the discrete controller. 
The response of a compensated system to inputs larger than the 
maximum input for which the system has been designed can be 
determined by a step-by-step procedure, but it is tedious and 
subject to accumulative errors. The analogue computer can 
readily provide the solutions to such inputs, because a saturating 
element can be easily introduced in a computer arrangement. 


(6) CONCLUSIONS 


It was shown that analogue computer techniques can be 
employed to solve pulse transfer functions or compensate control 
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systems in a discrete manner. The operation is purely electr 
and only operational amplifiers are used. With the incre 
reliability of operational amplifiers by the use of transistor 
is possible to employ such computers for discrete compensé 
of industrial controls. In the study and research of sampled- 
systems the analogue computer provides better insight intc 
behaviour of a system than digital computers normally pei 
with the additional advantages of low cost and simplicit 
programming. 
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Dr. J. H. Westcott: The devices Si and S2 in Fig. 1, although 
looking like switches, do not act as such. For mathematical 
convenience in the analysis, we require that the output of the 
sampler should be a pulsation train, the pulse areas being 
equal to the sampled ordinates. 

In the error-sampled feedback control system with discrete 
controller, shown in Fig. 4, it would have been helpful if the 
supply-disturbance as well as the load-disturbance responses had 
been considered, since both are of importance in process control. 

The author’s comment that ‘In general, the use of a digital 
computer to compensate a single system would be uneconomical’ 
was true of servo mechanisms, but no longer of process plant. 

In Section 2 the author states: “The necessary time delay in 
the above computer arrangement, which is equivalent to storage 
in digital computers, has been the main obstacle to the develop- 
ment of discrete analogue computers’. This is not quite true. 
The cup-and-bucket delay-line idea has been considered for ten 
years, and certainly used for a number of years. One takes a 
capacitor, charges it, and it hands on its charge to its neighbour 
along the line. This is what the author is doing, except that he 
is using only a single cup-and-bucket pair at a time. 

Dr. R. H. Barker: There is certainly no lack of applications 
for this subject. In the electricity supply industry, for example, 


we already have automatic control of small units, and th 
being extended to major portions of a station and perha: 
due course to major portions of asystem. Much of this inv 
sampled, and incidentally, telemetered data. 

In tracing the history of sampled data-control systems 
would probably start with Hazen, who, in 1934, pointee 
some of the advantages of applying definite correction 
intervals. The now well-known z-transform was introduc¢ 
Hurwicz, who during the war was concerned with the pre 
of making the best use of the inherently intermittent p; 
radar information. Next came the digital servo system 
applications such as machine-tool control. The main adya: 
is that the accuracy can be very high, for it is limited om 
the accuracy of the position encoder and not by the contr 
Position encoders have been developed to read to at! 
15 binary digits or 1 in 32000. | 

However, there are many cases where 0-1% accura’ 
adequate, and we are asked to consider the introductiai 
sampling, not because it is inherent in the data source, an! 
because it is imposed by a digital computer, but in its own 
We have indeed come full circle. 

It is therefore worth while to examine the advantages ¢ 
type of control provided by the system of Fig. 4 relative 


x t (i.e. continuous) feedback system with the usual shaping 
ork to provide the desired performance characteristics. 
rficially, it would appear that quite a lot of information is 
ded in the sampling process, and that the performance of 
ampled system should therefore be inferior to the best 
‘tinuous system. This would only be true, of course, if the 
rtant time-constants were all much less than the sampling 
yod, and it is a consequence of the well-known theorem 
i ting sampling frequency to bandwidth. 

jan it be shown, however, that sampling enables a positively 
‘erior performance to be achieved? I do not believe that 
idequate answer has ever been given to this question. There 
he fact that the transient resulting from an input such as a 
step or unit ramp can be halted after a limited number of 
ling periods, whereas the response of the continuous system 
t away gradually. However, this may not be an important 
i erion of performance, and I believe this whole question 
ty d be thoroughly examined. 

“Since the unit time delay is at the heart of the method of 
“trol it is a great pity that so much equipment—two opera- 
5 ial amplifiers with their attendent electronic switches—are 
“uired to represent it. The cause would be greatly advanced 
omeone could suggest a simple and elegant alternative. 

have myself used a device which is accurate to rather better 
n 1%, and is based on the humble cathode-follower (see 


BA). 


4 
i 


S2 


Fig. A 
i 
‘Two units of delay are shown. S, and S, operate simul- 
jeously, changing position for a brief period every sampling 
tant. Cy is charged through R during the period prior to 
tching. The charge on Cp) is the measure of the information, 
1 this is shared with C,. The charge on C, is held for the 
uing data period while Cy is being charged to some fresh 
Je. The cathode-follower provides a low-impedance source 
4 drive the next delay stage. 
‘The capacitance C, must, of course, be much smaller than 
t of Cy, say one-tenth of it, and ideally C, should be dis- 
sedeachtime. If this is not done, the pulse transfer function 
the stage is not 1/z but 


1 


ihe” 


, 

yere ro) 
is, in general, possible to allow for this in the way that the 
tputs from the delay stages are utilized. Thus, if this type of 


JU 


Vea (h, 2 8) 
Ve = a’b we 
d the zero at z=— ee 2) 


i” 
ie effect of 5 can thus be exactly compensated by adjustment 
the other constants of the system. Alternatively, if a pole 
fequired at z = + 8, where 6 < 1, it is only necessary to select 
oo ratio of C,/Cp. 
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With regard to Section 5, I can see little point in designing a 
system to just reach saturation with any input that is less than 
the maximum that can be catered for. Hence the only case of 
interest in Example 1 is where R,,,,, is introduced. In this case 
the plant is driven as hard as possible during the first three 
data periods of the step function, and just brought to rest during 
the fourth. Presumably the object is to achieve the final value 
as quickly as possible, and I wonder whether some further 
improvement would not be possible by, for example, optimizing 
the proportion of the total transient response time allowed for 
the initial positive part of the forcing function. 

Mr. B. M. Brown: I would suggest an alternative approach 
to that given in Section 5 which not only simplifies the com- 
putation but gives a clearer idea of the underlying principles. 
This makes use of z transforms. 

If G*(z) is the pulse transfer function of the combination of 
the data hold and the plant, 


E(z) = R(@) — G*(z)A(z) 
H(z) 
E(z) 


For a system with a finite settling time, E(z) and H(z) must be 
polynomials in z—!. 
Considering Example 1 of the paper, 


and 


DG) = 


1 
Gp) == 
» P(p + I) 
1 a gi! 
so that G*(z) = —— — 1 a 
z—1 Ie 
If r(f) is a step function of amplitude ro, R(z) = ae 


Let H(z) = ho + hyz7! + hgz-? + hyz-3 
= Za (laze + hyz? + hoz “fb h3) 
E(z) = z~3(@gz? + e127 + ez + e3) 


z4# — H(z) (1 — e722) 
a =a 
il Z—e 


and 


Then 23E(z) = 2 


But the left-hand side is a polynomial, and for the right-hand 
side to be a polynomial, z — 1 must be a factor of roz* — z3H(z), 
and z—e! a factor of z3H(z). Then, by the remainder 
theorem, H(1) = ro, and e~3H(e—!) = 0, 

ho + hy + hy + hz = Fro (A) 
e—*ho +- e~*h, + eth, ++ h3 =—1() (B) 


If these conditions are satisfied E(z) can be found directly 
by dividing out the two partial fractions. Thus, if ro = 2, 


i.e) 


ho = hy = 1 and hy = — hz = 0:29, the working is as follows 
using synthetic division: 
2 —1 —i —0-29 0-29 i) 4] 0:29 —0-29 
(O<ib) Dee le) 0:29 (x0-37) 0-370-510-2290 
2 1 0 -—0:29 0O 1) 1-37-80 0 


We have therefore 
23E(z) = (223 + 22 —0-29) + 0-63(z? + 1:37z + 0-80) 
or E(z) =2+1-63z~! +0-86z~? +0:21z~3 


The discrete controller obtained in this way will give Zero 
transient at all sampling instants after the fourth. Since, after 
this instant, the input to the plant is constant, the output must 
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be of the form A + Be~+. 
sample ripple. 

The problem of finding suitable values of fo, Ay, hz and h3, 
taking account of the limitations imposed by saturation, can be 
solved using a topological method. 

Since these four quantities satisfy the two conditions (A) and 
(B), two of them can be chosen arbitrarily. Let these be ho 


There can therefore be no inter- 


and h,. Then h, and h; are given by 
hy = 3 a — hol + e7! + e-2) — yd + e-}) 
maw 1 1 1 
h3 7 SE wide dl + e7 yo + e~ hy 


If |ho|, |A4|, |A2|, |23| << 1, possible points in the (4, 11) plane 
must lie between each of the following pairs of lines: 4j7 = + 1, 
hy — aE 1 


ig te? +e) +l +e) = 2° F1. © 
ho(l +e!) + hy = 8 te (D) 


With rp = 2, (C) and (D) become 


1+50ho + 1°37h; = 2°18 or 4-18 
1:37ho thy = 5-90 0r 0-46 


The only possible values of ip and A, are therefore those inside 
the triangle PQR (see Fig. B). 

The effect of varying rp is to change the positions of (C) and 
(D), without changing their directions. Clearly the maximum 
value of ro for which settling can be achieved in four limited 
steps is obtained when the line h, = 1 passes through P. 

Dr. A. J. O. Cruickshank: With discrete compensation, quite 
apart from the very real practical advantages of simplicity and 
low cost of pulsed analogue computers compared with pure 
digital computers, there is the very great advantage of being 
able to formulate comparatively simple methods of synthesis 
and design of control systems. Not the least of these is the 
possibility of remaining wholly in the time domain. I believe 
that time-domain analysis has not received sufficient attention 
from analytical experimenters, and I welcome a return to such 
analysis. 

One very important advantage in using a pulsed analogue 
computer as the physical realization of a required discrete com- 
pensator is that the required coefficients of the polynomials in 


THE AUTHOR’S REPLY TO 


Mr. T. Glucharoff (in reply): I am interested to learn that 
sampled-data controls are being extended to major portions of 
a system. The sampled-data theory is well developed and 
sampled controls are being gradually accepted in the industry, 
but I fully agree with Dr. Barker that a thorough investigation 
of the performance criteria of sampled-data systems as com- 
pared with continuous systems is required. There are, however, 
other advantages with sampled systems, some of which have 
been pointed out by Dr. Cruickshank, and another is the 
possibility of time sharing of equipment, as with digital com- 
puters for discrete compensation. 

In reply to Dr. Westcott’s remark regarding the devices S1 
and S2 in Fig. 1, it appears that the requirement that the pulse 
areas should be equal to the sampled ordinates has not been 
stressed adequately in the paper. Mathematically, the pulses 
are represented by impulses of area equal to the sampled ordi- 
nates, and in practical samplers it is required that the sampling 
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hy 


Fig. B 


z—! appear explicitly as the gains of the various channels. 
is in direct contrast to Sklansky’s pulsed RC-networks met 
and makes for a very easy understanding of design. | 

Much of the design work with discrete compensators has | 
concentrated on aperiodic test inputs, such as the step, = 
etc. The attempts which have been made to optimize a «& 
with a statistical description of the input have returned | 
more to the frequency domain, power spectra, etc., which 
to bring more than usual complexity to sampled-data systen 

I should like to suggest, following to some extent the = 
work of Prasad,* that it is possible to remain wholly in the 
domain when optimizing a system with statistical inputs. 
fact, the results of such an analysis should give specificall; 
ordinates of the pulse response of the desired compensate 
say, the first ten intervals following zero, after which the « 
nates may be neglected. By definition, these ordinates des 
the pulse-transfer function, up to the tenth power of z~ 
the required compensator. Furthermore this can be rea 
immediately by a sequence of unit delays and gains, as indi 
in the paper. We should also remember that sampled- 
techniques may be used to design continuous systems. 

I therefore see an immediate future for pulsed analogu 
unit delay computers, not only in furthering simply and che 
the practical realization of sampled-data systems, but als 
tools for trying obvious analytical and arithmetic procedure 
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interval 6 should be short compared with the time variatic; 
the sampled signal and the time-constants of a following 
tinuous system. Under these conditions S1 and S2 ca 
represented by switches if the sampling interval 6 is 1 sec. 
practice, all samplers are some form of switch, and the + 
value of the sampling interval is of little or no importance ' 
a sampler is followed by a holding circuit, which is usualt 
case. If a sampler is followed by a continuous system 
large time-constant, the gain of the sampler is approximate 

The method employed to realize the required unit 
delays in the analogue computer is essentially the cup- 
bucket method, as pointed out by Dr. Westcott. Use has 
made of this method by means of operational amplifiers 
electronic switches, so that an accuracy of better than w 
0:1% has been obtained. If the operational amplifiers 

* PRASAD, T.: ‘Analysis and Optimisation of a Class of Non-Linear St 
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SUMMARY 


Microwave radio-relay systems using line-of-sight paths now form 
a substantial part of the international trunk network, both for multi- 
channel telephony and for television. In order that such systems shall 
provide satisfactory transmission over long distances they must con- 
form with certain minimum performance standards. Furthermore, 
in order to facilitate the interconnection of radio-relay systems with 
one another and with line systems, certain common characteristics are 
necessary. The establishment of links across national frontiers also 
requires the use of equipment with similar characteristics in each 
country. 

The paper outlines the work of the International Radio Consultative 
Committee (C.C.I.R.) and the International Telegraph and Telephone 
Consultative Committee (C.C.I.T.T.) in defining preferred charac- 
teristics for microwave radio-relay systems using line-of-sight paths, 
and discusses the technical and other reasons for the particular values 
adopted. The need for preferred characteristics for radio-relay 
systems using tropospheric-scatter propagation is also referred to. 


(1) INTRODUCTION 


(1.1) Types of Microwave Radio-Relay System 


The microwave radio-relay systems forming the subject of the 
paper operate at frequencies above about 1 Ge/s, and are of two 


types: 


(a) Systems using line-of-sight, or nearly line-of-sight, paths.1-6* 
(6) Systems employing the tropospheric-scatter mode of propaga- 
tion with paths extending well beyond the visible horizon.7-8* 


Radio-relay systems using line-of-sight paths with distances of 
up to about 80km between repeater stations are already well 
established in many countries as part of the national trunk net- 
works for multi-channel telephony and television. When inter- 
connected with similar systems or with line systems in other 
countries they become part of the international trunk network. 
Such radio-relay systems may provide on each radio carrier up to 
2.000 telephone channels or a television channel with or without 
some hundreds of telephone channels, and a number of radio car- 
riers may be provided over a given route. Large-capacity radio- 
relay systems are used mainly in countries with highly-developed 
communication systems; however, low-capacity systems are often 
used in countries with smaller communication requirements and 
as spurs to large-capacity systems. Thus there is a need for 
line-of-sight radio-relay systems covering a wide range of 
capacities. The international standardization of such systems 
is well advanced and is the main subject of the paper. 

Radio-relay systems using the tropospheric-scatter mode of 
propagation have so far found application only on a limited 
scale. Nevertheless, they are useful for the provision of links 
up to some 500km long in a single hop over stretches of water 


* General references are given in Section 11.1. 


This is an ‘integrating’ paper. Members are invited to submit papers in this 
category, giving the full perspective of the developments leading to the present 
practice in a particular part of one of the branches of electrical science. 

Written contributions on papers published without being read at meetings are invited 
for consideration with a view to publication. 

Mr. Bray is in the Post Office Engineering Department. 


or difficult terrain, under conditions where line-of-sight ra 
relay links or coaxial-cable links are impracticable or uns 
nomic. Capacities of up to 100 or so telephone channels ¢ 
television channel of moderate quality can be provided on = 
radio carrier on links up to about 300km long. Beca 
tropospheric-scatter systems are a comparatively recent devel 
ment, international standardization has not yet reached 
advanced state, but there is urgent need for this to be & 
for reasons to be discussed later. 

Future developments, including radio-relay systems with la 
capacity than is provided on systems at present in use ; 
modulation methods offering greater spectrum economy. 
discussed in Section 9. 


(1.2) Parts Played by the C.C.I.R. and the C.C.I.T.T. 3 
Standardization 


The International Radio Consultative Committee (C.C.i. 
of the International Telecommunication Union (I.T.U.} 
played an important part in the standardization of internatie 
radio-relay systems, this work being entrusted to Study Group 
of the C.C.I.R. In addition, the International Telegraph | 
Telephone Consultative Committee (C.C.I.T.T.) has made 
possible to secure a large measure of international agreement? 
common overall performance objectives for radio-relay and. 
systems, so that both may be integrated on an equal footing i 
the general trunk network. Where necessary, special joint we 
ing or study groups comprising both line and radio system exp: 
have been set up to study certain problems. One such grou 
the C.C.LT.T./C.C.I.R. Joint Working Party on Circuit Ne 
which has been appointed to determine the permissible level 
circuit noise in radio-relay and line systems for the transmis: 
of telephone and telegraph signals. Another joint study gre 
known as the Joint Study Group for the Transmission of T 
vision (C.M.T.T.), has been formed to study the problems 
the transmission of television signals by line and radio-re 
systems. 

The problems involved in standardization are studied firs 
national level in the various countries by groups of exp 
representing the administration, industry and the operai 
agencies (including the broadcasting organizations) concer 
with telecommunication. These groups, which are © 
organized by the administration concerned on the same basi 
the C.C.LR. Study Groups, prepare proposals for considera 
in the Study Groups of the C.C.I.R. and subsequent consid 
tion at the Plenary Meetings of the C.C.I.R. which are } 
about once every three years. In many cases interim St 
Group meetings are held during the period between Pler 
Meetings in order to prepare for the latter. By a proces: 
discussion, detailed examination of the technical factors invol 
and compromise where this is justified, it has been found poss 
to secure international agreement, formulated as the ‘Rec 
mendations’ of the C.C.I.R.,* on the more important cha 
teristics of line-of-sight radio-relay systems, and a start has t 


* References to the Recommendations and Reports of the C.C.LR. are giv 
Section 11.2. 
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on the characteristics of the newer systems such as those 
ving tropospheric-scatter propagation. 
should be noted that the Recommendations of the C.C.LR 
| ot mandatory; in other words, the technical characteristics 
ended by them are ‘preferred’ rather than obligatory. 
example, it is open to any two administrations wishing to 
lish a radio-relay link across a common frontier to do so 
either C.C.I.R. preferred characteristics or other charac- 
ics, by mutual agreement. In practice, the preferred 
9 acteristics are widely used, not: only for international links 
ming frontiers but also for national systems within the 
rs of individual countries, because the planning, provision 
maintenance of links are thereby facilitated. 
his paper contains a summary of the preferred characteristics 
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ommended by the C.C.I.R. and discusses the technical and 
erational reasons why they have been adopted. Since the 
ommendations of the C.C.I.R. can, for reasons of space, be 
oven only in summarized form, reference should be made to the 
ginal documents, Volumes I, II and III of the IXth Plenary 
sembly of the C.C.I.R. (Los Angeles, 1959) and to the docu- 
ynts of the C.C.I.T.T., since these are the definitive texts. 

Ut is important to remember that all transmission systems are 
)bject to a process of evolution, and radio-relay systems are 
exception. Revision of certain of the preferred characteristics 
undoubtedly be required in the light of new technical 
yvelopments and as demands on the available frequency space 


Certain basic characteristics of radio-relay systems need to be 
ed on an international basis to facilitate the establishment 
ternational links and to permit the interconnection of radio- 
systems with one another and with line systems (Report 
131).* These characteristics are as follows: 


(i) Overall transmission performance for telephony (including 
ic circuits), television and telegraphy (including data trans- 
Mission). 
_ Gi) Baseband characteristics.t+ 
‘The Recommendations and Reports referred to thus are given in Volumes I 
I of the Documents of the IXth Plenary Assembly of the C.C.I.R. (Los Angeles, 
). They are available at present in English and French. 
3 ‘baseband’ of a radio-relay system may be defined as the frequency band 
mput and output of the system which is occupied by the multi-channel telephony, 
sion or telegraphy signals and any pilots or other signals transmitted by the 
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(iii) Intermediate-frequency characteristics, 

(iv) Modulation characteristics of the r.f. carriers. 

(v) Radio-frequency characteristics, including the frequency pat- 
terns of the channels in multi-r.f.-channel systems. 

(vi) Characteristics of the supervisory, control and monitoring 
systems needed for maintenance purposes. 


The Significance of these characteristics can best be seen from 
a consideration of the general arrangement of a typical radio- 
relay system accommodating several r.f. channels. 


(1.4) General Arrangement of Typical Multi-R.F.-Channel 
Radio-Relay System 


The general arrangement of a typical multi-r.f.-channel radio- 
relay system shown in Fig. 1 and described below is applicable 
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Fig. 1.—Schematic arrangement of typical multi-r.f.-channel radio-relay system. 


primarily to line-of-sight systems, but certain of the features 
will also apply to other systems, e.g. those involving tropospheric- 
scatter propagation. 

Most of the line-of-sight microwave radio-relay systems used 
for international circuits employ frequency modulation of the 
r.f. and i.f. carriers.7>° The reasons why frequency modulation 
is widely used in preference to other methods of modulation are 
as follows: 


(a) The signal/noise ratio in the telephony or television channels 
is greater than can be obtained using amplitude modulation under 
comparable conditions. 

(6) A linear relation between the input and output amplitudes in 
the i.f. and r.f. stages is not essential with frequency modulation 
whereas it is with amplitude modulation. 

(c) Limiting in receivers and repeaters can be used to prevent 
changes in the amplitude of the baseband output signal, even under 
conditions of fast and deep fading of the r.f. carrier. 

(d) The bandwidth required is less than would be needed by pulse- 
modulation systems of comparable capacity and performance. 


Where several baseband signals, each comprising a block of 
f.d.m. telephony channels or a television channel, are to be 
transmitted over the same route, considerable savings in cost can 
be achieved by using the same aerials and feeders to transmit 
and receive a number of r.f. carriers on different frequencies, 
as shown in Fig. 1. It is often convenient first to generate the 
f.m. carrier at an intermediate frequency, generally centred on 
70 Mc/s, and then to shift the frequency to the desired radio 
frequency by mixing with an r.f. carrier of good frequency 
stability. After selection in r.f. filters and amplification to a 
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power of up to a few watts, the r.f. signals from a number of 
transmit channels can be combined in a branching filter and 
applied via a common feeder to a wideband aerial. The same 
wideband aerial may, if desired, function simultaneously for 
reception and transmission. On the receiving side the r.f. signals 
are separated by r.f. filters, changed to an intermediate frequency 
generally centred on 70 Mc/s, and then amplified to a suitable 
level for limiting. The limited signal is applied to a linear 
discriminator, the output of which is the desired baseband signal. 
Other facilities which may be provided, but which are not 
indicated in Fig. 1, comprise automatic frequency control of the 
transmitted and received carrier frequencies and automatic gain 
control prior to limiting. 

The schematic arrangement of a typical multi-r.f.-channel 
repeater of the non-demodulating type is also shown in Fig. 1. 
That shown involves frequency-changing from a radio frequency 
to an intermediate frequency, also generally centred on 70 Mc/s, 
and back to a different radio frequency. Other forms of repeater 
are sometimes used in which the change of radio frequency is 
effected directly without the use of an intermediate frequency. 


(1.5) Economic and Operational Aspects of Multi-R.F.-Channel 
Systems 


In considering possible alternative arrangements of multi-r.f.- 
channel radio-relay systems from the standpoint of international 
standardization, certain economic and operational aspects must 
be taken into account, 

From the economic point of view it is desirable to keep the 
total equipment provision to a minimum by using, whenever 
possible, common equipment shared between several broadband 
channels. On the other hand, too much common equipment 
may reduce the overall reliability below an acceptable standard 
or give rise to design difficulties leading to inferior performance. 

The achievement of adequate reliability generally necessitates 
a protection broadband channel which can be manually or 
automatically switched into service if a working broadband 
channel fails, e.g. due to propagation or equipment failures. 
Since the introduction of a protection channel greatly reduces 
the out-of-service time, it follows that a number of working 
channels, e.g. up to five, can share the same protection channel 
and still achieve adequate reliability. 

Cost savings may be achieved by accommodating several r.f. 
channels on the same aerial, and by using the same aerials for 
transmission and reception. Thus a satisfactory r.f. channel plan 
(see Section 5) should make provision for common-aerial 
working. 


(1.6) Interconnection of Radio-Relay and Line Systems 
(1.6.1) Multi-Channel Telephony Systems. 


Most line systems for multi-channel telephony use frequency- 
division multiplexing (f.d.m.), the signal in each telephone 
channel being of single-sideband suppressed-carrier form. The 
channel spacing is 4kc/s, and the basis of combining telephone 
channels in groups (12 channels), supergroups (60 channels) and 
mastergroups (300 channels) has been standardized by the 
C.C.LT.T. (originally the C.C.I.F.); typical arrangements of 
f.d.m. telephony channels are shown in Fig. 2. 

A great deal of line plant in the form of 12-, 24-, 48- and 
60-circuit carrier systems and 600- and 960-circuit coaxial-cable 
systems using the standard C.C.I.T.T. f.d.m. arrangements of 
channels has been brought into use by telephone administrations 
in many countries during the past three decades. It has been 
natural, therefore, to develop multi-channel radio-relay systems 
on the same f.d.m. channelling basis as for line systems, since 
this permits the interconnection of line and radio-relay systems 
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Fig. 2.—Typical arrangements of f.d.m. telephony channels. 


(a) 12- and 24-channel systems. 

(b) 60- and 120-channel systems. 

(c) 300-, 600- and 960-channel systems. 
(d) 1800-channel system. 


at the group, supergroup or mastergroup levels, without 
need to translate channels to audio frequency. It also per 
blocks of circuits to be readily switched, e.g. in the even 
breakdown, from line to radio-relay systems or vice versa, 
enables the same type of translating equipment to be used 
both types of system. 

For the interconnection of radio-relay and line systems 
desirable to choose suitable f.d.m. signal levels and cit 
impedances at the output and input of the radio-relay syst 
The levels recommended by the C.C.I.R. and C.C.1.T.T. { 
tion 3.1) provide relatively low input levels and relatively 
output levels in order to facilitate interconnection via stan 
group and supergroup translating equipment. This arrangei 
provides considerable flexibility since it enables groups or st 
groups to be dropped or inserted at the point of interconnec 
Alternatively the low input level can be used, if desirec 
accommodate the losses in tail-cable connections, e.g. betwe 
radio-relay-link terminal station and a line repeater stati 
few miles away, as shown, for example, in Fig. 3. 


(1.6.2) Television Systems. 


The long-distance transmission of television signals 
coaxial-cable systems generally requires the translation ol 
signal from video frequency to a frequency band above a 
hundred kilocycles per second in order to avoid low-frequ 
interference and to simplify repeater design. The signal ti 
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6 
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Inthe example shown all 960 circuits are translated to audio frequency. 


ited by the cable consists of an asymmetric-sideband signal 
th a video carrier which may be of reduced level. On the 
er hand, radio-relay systems transmit television signals most 
ciently when the video signal, with or without pre-emphasis, 
sidulates the radio carrier directly. Modulation of the radio 
tier by the video signal directly provides a better signal/noise 
Vio than is possible if an asymmetric-sideband signal modulates 
‘carrier, and avoids possible difficulties due to harmonics of 
): video carrier generated by residual non-linearity in the radio- 


i 


‘ystems is usually best carried out at video frequency, although 
ymmetric-sideband carrier signals may be transmitted by 
»dio-relay systems of adequate linearity and signal/noise ratio. 
‘Typical television interconnection arrangements between 
axial-cable and radio-relay systems are shown in Fig. 4. 

0 facilitate interconnection between radio-relay systems and 
le systems, preferred video levels and circuit impedances at 
Point of interconnection, and the appropriate transmission 
dwidths for television signals with various line standards, 


been defined (see Section 2.3). 


| | STATION 


VIDEO ASYMMETRIC SIDEBAND 
SIGNAL SIGNAL (O-5 —4Me/s 
(B0¢/s-3Me/s)| CARRIER 1-056 Mc/s) 


FTE = Frequency translating equipment. 
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Fig. 3.—Interconnection of coaxial and radio-relay systems for 960 telephony circuits. 


STE = Supergroup translating equipment. 
GTE = Group translating equipment. 
CE = Channel equipment. 


In practice, groups, supergroups or mastergroups may be abstracted 


for routing as required. Pilots, gain-regulating amplifiers, etc., are not shown. 


(2) TRANSMISSION PERFORMANCE OF INTERNATIONAL 
MICROWAVE RADIO-RELAY SYSTEMS 


(2.1) Multi-Channel Telephony Systems 


The transmission performance of the longest international 
circuits used for telephony should be such that, taking into 
account any additional limitations imposed by the national 
circuits to which the international circuits are connected, almost 
all subscribers are able to communicate without difficulty. It is 
not practicable or economic to ensure that all possible pairs of 
subscribers would have no difficulty in talking over the longest 
connections likely to be used in practice, but nevertheless the 
aim is to ensure that unsatisfactory calls constitute a negligible 
percentage of the total. 

The overall (audio-to-audio) transmission characteristics which 
should be provided on international telephone circuits have been 
defined by the C.C.I.F. (now the C.C.LT.T.).!° For present 
purposes the relevant characteristics are as follows: 

(i) Audio band effectively transmitted. 
(ii) Non-linear distortion. 
(iii) Phase distortion (variation of the group delay across the band 
effectively transmitted). 
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Fig. 4.—Interconnection of coaxial and radio-relay systems for television (405-line system). 


Pilots, gain regulating amplifiers and pre-em phasis/de-emphasis networks are not shown, 
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(iv) Audio group delay (propagation time). 
(v) Echoes. 
(vi) Gain stability. 
(vii) Crosstalk. 
(viii) Circuit noise. 
These overall audio characteristics apply irrespective of the 
means of transmission, whether by line, coaxial cable or radio 


relay. 


(2.1.1) Audio Bandwidth, Non-Linear Distortion and Phase Distortion. 

In the case of microwave radio-relay systems, the audio band- 
width, 300-3 400c/s, and the phase distortion are determined 
primarily by the f.d.m. terminal equipment and are not limited 
by the radio-relay system itself, since the latter is intrinsically a 
broadband transmission medium. Furthermore, when the cross- 
talk requirements discussed in Section 2.1.5 are met this usually 
ensures that the audio non-linear distortion is sufficiently small. 


(2.1.2) Group Delay. 

The effective velocity of transmission in a microwave radio- 
relay system approaches that of light (3 x 108 m/s) since most 
of the transmission path is in free space; the present provisional 
limit of 100millisec for the group delay on an international 
circuit would thus permit the use of microwave radio-relay links 
up to some 25000km in length (this allows a few milliseconds 
for delays in repeaters, translating equipment, audio tail 
cables, etc.). 


(2.1.3) Echoes. 

Since completely separate ‘go’ and ‘return’ transmission paths 
operating on different frequencies are normally used on micro- 
wave radio-relay systems, any audio echoes usually occur outside 
the radio-relay systems, e.g. due to hybrid unbalance at the 
audio 4/2-wire terminations. Echoes due to crosstalk are 
effectively excluded if the crosstalk requirements discussed in 
Section 2.1.5 are met. 


(2.1.4) Gain Stability. 

The C.C.I.F. has indicated that the overall stability of the 
chain of national and international circuits, measured between 
the terminal trunk exchanges, should provisionally be not worse 
than 0:2 neper (1:74dB). Although overall gain control using 
group or supergroup pilots is commonly used on such systems, 
high baseband-to-baseband gain stability is nevertheless required 
on individual radio-relay systems. The specification of the 
gain-stability requirements for individual systems is at present 
being studied by the C.C.I.T.T. 


(2.1.5) Crosstalk. 

Crosstalk, i.e. the appearance in an audio channel of unwanted 
signals from another audio channel, may be either linear or non- 
linear. Linear crosstalk is due in general to unwanted induc- 
tive, capacitive or resistive couplings between circuits operating 
at the same frequency. Linear crosstalk may occur between the 
audio circuits themselves, in the frequency-translating terminal 
equipment or between the basebands of radio-relay systems. It 
rarely occurs in the intermediate or radio-frequency equipment 
of radio-relay systems. The near- or far-end linear crosstalk 
ratio regarded as acceptable by the C.C.1.F. in the case of 
international cable circuits is 6-7 nepers (58-2dB) for 90% of 
such circuits, and 6 nepers (52-1 dB) for all circuits; these values 
are also applicable to circuits on international microwave radio- 
relay systems. Non-linear crosstalk may occur as a result of a 
non-linear relation between the baseband input and output 
amplitudes of a radio-relay system; it results in unwanted signals 
in a given channel in the baseband (and thence in the correspond- 
ing audio channel) due to harmonics and intermodulation pro- 
ducts of signals in other channels in the same baseband. If there 
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are many interfering channels the resulting crosstalk is si 
to random noise, and it is convenient to discuss the permi 
level of non-linear crosstalk with that of circuit noise 


Section 2.1.6). 


(2.1.6) Circuit Noise and Non-Linear Crosstalk. 


The C.C.LF. has indicated that it is desirable that on 
national circuits the total circuit noise (including non-! 
crosstalk) should not exceed a psophometric e.m.f. of 2n 
a point of relative level —0-8 neper (—7 dB).!! Thisk 
sponds approximately to a mean psophometric powe 
10000 pW at a point of zero relative level. The interpret 
of this recommendation in terms of radio-relay systems an 
use of hypothetical reference circuits for such systems i: 
cussed in Section 2.2. 


(2.2) Hypothetical Reference Circuits and Circuit Noise 
F.D.M. Multi-Channel-Telephony Radio-Relay Systen: 


The permissible level of the total circuit noise (including 
linear crosstalk) is the most important single factor in the d 
of a radio-relay system. For a system of given capac: 
determines the power of the transmitters, the size of the ae 
the maximum path length that can be used and thus the c< 
the system. It is highly desirable, therefore, that the spec 
tion for total circuit noise should not be more stringent th 
necessary for the intended use, in this case for the transm:! 
of telephony (including signalling tones). . 

It has long been the practice of the C.C.I.F. to specif: 
design objectives for noise on international cable circui 
terms of a hypothetical reference circuit (h.r.c.) as an aid ¢ 
designers and planners of such systems, and this has 
continued by the C.C.I.T.T. The h.r.c. is divided into a nu 
of equal-length sections, with various specified stages of tra 
tion to audio, basic group and supergroup interposed bet 
the sections. This practice has been applied by the C.¢ 
to radio-relay systems. The hypothetical reference circuit 
(a) f.d.m. radio-relay systems with capacities of 12 to 120 
phone channels per r.f. carrier, and (5) f.d.m. radio- 
systems with capacities of more than 120 telephone channel 
r.f. carrier, are shown in Fig. 5, each circuit being 2500km 
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Fig. 5.—Hypothetical reference circuits for f.d.m. multi-chanr 
telephony radio-relay systems. 
(a) 12-120 telephone channel capacity per r.f. channel. 
(6) More than 120 telephone channel capacity per r.f. channel. 
—O— Channel modulator or 
demodulator. 
—LJ— Group modulator or 
demodulator. 
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‘a divided into (a) six homogeneous sections and (b) nine 
‘fiogeneous sections (Recommendations Nos. 285, 286 in 
sion 11.2). 

i: adapting to radio-relay systems the noise design objectives 
jified by the C.C.I.T.T. for cable systems, the C.C.I.R. has 
nm into account the following factors (Recommendation 


: (a) The circuit noise on radio-relay systems comprises two 
.)»mponents: (i) basic noise arising mainly in the input circuits 
4. receivers and (ii) intermodulation noise arising mainly from 
| osstalk between the telephony channels due to non- 
,aaearity.1>. 14 

5 “(b) The basic noise at the output of a radio-relay system 
/iries with time due to fading on the various sections of the 
‘stem, and it must therefore be expressed statistically and 
wveferably in relation to a relatively long period of time such 
3 a month. 

| (c) The intermodulation noise depends upon the loading of 
, te system by the f.d.m. telephony signal, and it therefore 
fairies with time, being greatest during the busy hour. It 
; Just also be expressed statistically. 

. (d) The f.d.m. signal during the busy hour can be satis- 
,jictorily represented by a uniform spectrum (white-noise) 
,/gnal, which, at a point of zero relative level, has a level of: 


ol —15 + 10 log;) N) dBm for 240 channels or more, 
1 + 4 logi9 N) dBm for 12 to 240 channels,* 


there N is the number of traffic channels (see Fig. 15). 


he C.C.I.R. has recommended that the noise power at a 
fat of zero relative level in any telephone channel on a 
'0km hypothetical reference circuit for f.d.m. radio-relay 
,emas should not exceed the provisional values given below 
commendation No. 287): 

cf (a) 7500 pW psophometrically weighted mean value in any 
i) (8) 7500 pW psophometrically weighted 1 min mean power 
jor more than 20% of a month when the fading is severe. 

© 47500pW psophometrically weighted 1 min mean power 
jor More than 0-1% of a month when the fading is severe. 

| ) 1000000 pW unweighted (with an integrating time of 
,| millisec) for more than 0:01 °%% of a month when the fading 


)3 severe. 


Whe value of 7500pW given above is derived from the 
’\)00 pW noise allowed in the complete international circuit 
‘ction 2.1.6) by deducting 2500 pW for the noise appropriate 
! the f.d.m. translating equipment. The ‘1 min mean’ time- 
(stant is of the same order as the average duration of telephone 
S and the ‘integrating time of 5 millisec’ takes account of the 
Tacteristics of signalling and telegraphy systems. 

'n order to apply the above recommendation to real radio- 
vy system, as distinct from the h.r.c., the following additional 
ommendations have been made (Recommendation No. 288): 


a) The psophometrically weighted noise power at a point of 
0 relative level in the telephone channels of a real f.d.m. 
do-relay system of length L, where L is between 250 and 
km, and whose composition does not differ appreciably 
m the hypothetical reference circuit, should not: 
| (i) exceed 3Z picowatts mean value in any hour. 

(li) exceed 3Z picowatts 1 min mean power for more than 20% 
if any month. 
'b) As a planning objective, and recognizing that the per- 
‘mance achieved for very short periods of time by real circuits 


1 Provisional value for systems with less than 60 channels. 
i, The level of uniform-spectrum noise power in a 3-1kc/s band must be reduced 
“SdB to obtain the psophometrically-weighted noise power. 
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when installed may differ from the planning objective and is 
difficult to measure precisely, the psophometrically-weighted 
noise power at a point of zero relative level in the telephone 
channels of such a real system as is considered above should 
not exceed 47500pW I1min-mean power for more than 
(L/2500) x 0:1% of any month. 

It will be noted that the mean values of the noise power 
appropriate to an hour, or more than 20% of a month, are 
subdivided according to the length of the system involved, 
whereas in the case of the relatively high noise levels exceeded 
only for small percentages of time it is the latter which is sub- 
divided according to the length of the system. Subdivision of 
the time is considered justified on the grounds that deep fades 
producing high levels of noise are generally of such short duration 
that they occur only for very small percentages of time and are 
unlikely to coincide (Report No. 130). These simple rules give 
a reasonably satisfactory basis for the design of long radio-relay 
systems. A more detailed and precise basis of design applicable. 
to short as well as long systems has been given elsewhere.!> 

The foregoing recommendations are design objectives for 
radio-relay systems with line-of-sight paths. Recommendations 
relating to other systems, namely those using tropospheric- 
scatter propagation, are referred to in Section 8.6. 


(2.3) Television Systems 


The requirements for the transmission of television signals over 
long distances have been embodied in a recommendation pre- 
pared by the C.M.T.T. and adopted by the C.C.LR. (Recom- 
mendation No. 267). The main points in this recommendation 
which are of primary interest to the designers and planners of 
radio-relay systems are summarized below. 

The requirements are specified in terms of a long-distance 
international circuit (BC in Fig. 6), which comprises a chain of 
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Fig. 6.—International television connection and hypothetical 
reference circuit for television. 


© Terminal video points. 
x Intermediate video points. 


national and international television cable or radio links. Asa 
basis for the planning and design of systems a 2500km hypo- 
thetical circuit has been defined which comprises three equal- 
length sections, with video interconnections. 


(2.3.1) Requirements at Video Interconnection Points. 

At video interconnection points the input and output impe- 
dance is to be 75 ohms resistive (nominal value), unbalanced to 
earth, with a return loss of at least 24dB relative to 75 ohms. 
The polarity of the signal at such points is to be positive, i.e. 
such that black-to-white transitions are positive-going. The 
nominal peak-to-peak amplitude of the video signal (including 
the synchronizing signal) is 1 volt, the nominal amplitude of the 
synchronizing signal being 0-3 volt (Recommendation No. 270). 


(2.3.2) Transmission Performance of the Hypothetical Reference 
Circuit. 


The following transmission requirements apply to the complete 
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hypothetical reference circuit. The basis for subdivision in 
terms of the requirements for partial circuits is at present being 
studied by the C.C.IL.T.T. 


(2.3.2.1) Gain and Stability. 


A long-distance international circuit having the form of the 
hypothetical reference circuit is required to have, at the time of 
setting up, an insertion gain of 0 + 1dB. The variation of 
insertion gain with time should not exceed +0-3dB for short- 
period (e.g. 1sec) variations, and +1-0dB for medium-period 
(e.g. 1-hour) variations. 


(2.3.2.2) SignallRandom-Noise Ratio. 


The required minimum signal/noise ratio, X, for continuous 
random noise, expressed as the ratio in decibels of the peak-to- 
peak amplitude of the picture signal (excluding the synchro- 
nizing signal) to the r.m.s. amplitude of the noise within the 
range between 10kc/s and the nominal upper frequency limit 
of the system, f., is given in Table 1. The values given assume 
the use of a specified low-pass filter and weighting network and 
a measuring instrument having an ‘effective time-constant’ or 
‘integrating time’, in terms of power, of Isec. The values 
shown are minima to be exceeded for all except 1% of a month. 


Table 1 
VIDEO BANDWIDTH AND SIGNAL/RANDOM-NOISE RATIO FOR 
VARIOUS TELEVISION SYSTEMS 


Number of lines 405 | 525 


625 | 625 | 819 


System | Nominal upper limit of video 


frequency band f, (Mc/s) 


Signal/weighted-noise ratio X, dB 


Signal/noise ratiosfor 525-line and 819-line (5 Mc/s bandwidth) 
systems have not yet been defined by the C.C.LR. 

The interpretation of this recommendation in terms of radio- 
relay systems is discussed in Section 2.4. 


(2.3.2.3) Signal]Periodic-Noise Ratio. 


In the case of periodic noise the required minimum signal/noise 
ratio is specified as the ratio in decibels of the peak-to-peak 
amplitude of the picture signal (excluding the synchronizing 
pulses) to the peak-to-peak amplitude of the noise. For power- 
supply hum this ratio should exceed 30 dB; for single-frequency 
noise between 1 kc/s and 1 Mc/s the ratio should exceed 50 dB, 
falling linearly to 30dB at f, (25dB at f, in the case of 405-line 
systems). Reference should be made to Recommendation 
No. 267 for the values appropriate to the 819-line (10 Mc/s 
bandwidth) system. 


(2.3.2.4) Non-Linearity Distortion. 


‘Line-time’ non-linearity distortion of the picture signal is 
measured with a test signal in which the ‘picture’ portion of 
every fourth line consists of a sinusoidal signal of frequency 
0:2f, on a sawtooth wave, the intermediate lines being set to 
either white or black level. The magnitude of the distortion is 
indicated by the ratio of the minimum to the maximum peak-to- 
peak amplitude of the sinusoidal wave along the sawtooth. For 
the hypothetical reference circuit this ratio should not be less 
than 0-80. 

Using the same test signal the amplitude of the synchronizing 
signal should lie within the limits 0-21 and 0:33 volt when the 
gain of the circuit is OdB, irrespective of whether the three 
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intermediate lines in the test signal are at the black or 
level. 


(2.3.2.5) Linear Waveform Distortion. 


C.C.LR. Recommendation No. 267 classifies the perm 
linear waveform distortion under the headings of ‘field. 
‘line-time’ and ‘short-time’ distortions. Since the test s 
and the tolerances differ for 405-, 525-, 625- and 819-line sy 
reference should be made to the original text for details. 

In the case of 405-line systems Annex IV of the Recomn 
tion describes ‘acceptance test’ and ‘routine test’ specific 
based on the use of sine-squared pulse and half-line b: 
signals (see Reference 16). The sine-squared pulses hays 
amplitude durations of 0-17 microsec (a half period of 
3Mc/s) or 0-33microsec (a whole period of f, = 3! 
distinguished by the terms ‘7-pulse’ and ‘27-pulse’ respec 
the former being used in acceptance tests and the lat 
certain of the less critical routine tests. A 50c/s squars 
test signal associated with line-synchronizing pulses is also 
The permissible tolerances on the received video wavefor 
defined!® in terms of a rating factor K. 


(2.4) Hypothetical Reference Circuits and Circuit Nois 
Television Radio-Relay Systems 


The signal/noise ratio requirements for television rad 
systems, as in the case of f.d.m. telephony radio-relay sy 
are critical in determining the design and cost. In consi 
the interpretation of the Recommendation relating to signe 
dom-noise ratios summarized in Section 2.3.2.2, the Cy 
has taken into account the following factors: 


(i) For design purposes it is desirable to specify the signa 
ratio for percentages other than 1% of a month (to whi 
signal/noise ratio X in Table 1 applies). 

(ii) It may be necessary, to allow for fading, to accept 
signal/noise ratios than X for less than 1°% of the time; on th 
hand signal/noise ratios higher than X are possible for n 
the time. 

(iit) Since the relative distribution with time on radi 
systems for television and f.d.m. telephony is similar, it is 
priate to adopt similar methods for specifying the signal/nois 
performance (Section 2.2). 


The C.C.I.R. has recommended (Recommendation N< 
that in the 2500km hypothetical reference circuit for the 
mission of television the ratio of peak-to-peak signal, exc 
synchronizing pulses, to the r.m.s. value of continuous fr: 
noise read on an instrument having an effective time-cc 
(or integrating time) in terms of power of isec, and u 
specified weighting network, should not fall below value: 
below in terms of X, where X is the appropriate figure 
from Table 1: 


(a) (X + 4) decibels for more than 20% of a month wi 
fading is severe. 

(b) (X — 8) decibels for more than 0-1% of a montt 
fading is severe. 


The values given are provisional. 

It is also recommended that, in part of a hypothetical re 
circuit consisting of one or two of the three equal homog 
sections shown in Fig. 6, the mean noise power which sho: 
be exceeded for more than 20°% of a month shall be con 
to be proportional to the number of homogeneous s 
involved, and that the small percentages of a month 
which the signal/noise ratio may fall below (X — 8) « 
shall be regarded as proportional to the number of homog 
sections involved. 

The foregoing recommendations are design objecti 


. | ) relay systems with line-of-sight paths. Recommendations 
«ing to other systems, namely those using tropospheric-scatter 


Jiagation, are referred to in Section 8.6. 


2.5) Multi-Channel Voice-Frequency Telegraphy Systems 


' je telephone circuits provided by radio-relay systems may 
be used to transmit multi-channel voice-frequency (v.f.) 
raphy. The arrangement generally used comprises a block 
: 2, 18 or 24 a.m. or f.m. tones in each audio channel, each tele- 
Wh channel operating at 50 bauds. The conditions to be 
| when telephone circuits are to be used to transmit voice- 
aency telegraphy have been defined by the C.C.I.F. in terms 
€ permissible attenuation distortion, variations of level with 
, phase distortion, frequency stability and crosstalk.!2. A 
jjassion of some of the factors affecting radio-relay system 
“}3n is given in Report No. 132. 
_ jae level of noise permissible in the case of v.f. telegraphy is 
“Ig studied by the Joint C.C.1.T.T./C.C.LR. Working Party 
ircuit Noise. A provisional recommendation (not yet 
j-oved by a Plenary Assembly), which applies to the 2500km 
thetical reference circuit, is that the mean unweighted noise 
| er measured or calculated with a time-constant (integrating 
) of 5 millisec, and referred to a zero-level point, should not 
ed 10°pW for more than 0-001 % (10~5) of any month or 
more than 0-1% of any hour. It is recognized that sub- 


“@llisec may present difficulties in practice in view of the very 
Il percentages of time involved (i.e. less than 0-001 % of 
month). Provided that short bursts of high-level noise due 
jvauses other than propagation are negligible and that the 
Ciure of the noise is the same as that of white noise, it is 
‘sidered by the Working Party that the following objective 
7 be used for design purposes: 


. The unweighted noise power in a telephone channel at a zero 
lative level point, calculated from measurements made with an 
tegration time of 1sec, should not exceed 2 x 105 pW for more 
10-4 (i.e. for more than 0-01 %) of any month. 


'Vith regard to the objective to be met in any hour, it may 
pen that unforeseen exceptional propagation conditions may 
alt in this objective not being met during certain most 
tpavourable hours. These hours, called ‘hours of interrupted 
graph traffic’, will be those during which a noise level of 
if pW is exceeded for more than 36sec. It follows from the 
(ommended objective for telephony signalling (Section 2.2) 
yt there should never be more than 7 ‘hours of interrupted 
pgraph traffic’ in a month. Even so, the total time a noise 
“1 of 10° pW is exceeded should be not more than 7 x 36sec, 
4-2min in a month. 


q 


13) PREFERRED BASEBAND CHARACTERISTICS (F.M. 
i SYSTEMS) 


(3.1) F.D.M. Multichannel Telephony Systems 


tis convenient to define the preferred baseband characteristics 
.d.m. multichannel telephony systems for systems with various 
acities, i.e. maximum numbers of telephone traffic channels, 
liging from 24 to 1800 as shown in Table 2 (Recommendation 
269). The capacities chosen correspond to integral numbers 
‘OUPs or supergroups and are, in most cases, the same as for 
Or coaxial-cable systems in current use in order to facilitate 
‘erconnection between radio-relay and line systems. The 
‘ferred characteristics shown in the Table are appropriate to 
| oan and near line-of-sight systems, and also to tropo- 
eric-scatter systems. 

{t will be noticed that the frequency limits of the baseband in 
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Table 2 


PREFERRED BASEBAND CHARACTERISTICS 
F.D.M. MULTICHANNEL TELEPHONY 


Maximum Limits of 
number of band 
telephone | occupied by 
traffic telephone 
channels channels 


Relative power level 
Nominal per channel 
impedance at 


baseband 


Frequency 
limits of 
baseband 


Input Output 


ke/s 
24 | 12-108+ 
12-252 
60 | 60-300 
12-552 
60-552 
60-1 300 
64-1296 
60-2540 
64-2 660 
60-4028 
316-4 188t 


312-8 204 
316-8 204 


ohms dB 
150 (bal.) —45 


150 (bal.) —45 
75 (unbal.)| —45 


150 (bal.) —45 
75 (unbal.)| —45 


75 (unbal.) | —45 


ke/s 
12-108 


12-252 
60-300 


12-552 
60-552 


60-1 364 


120 


60-2 792 Ht 


75 (unbal.) 


60-4287 | 75 (unbal.)| —45 


300-8 248 | 75 (unbal.)| —40 


* Referred to a point of zero relative level. 

+ For 12-channel systems either the basic group 12-60kc/s or 60-108 ke/s recom- 
mended by the C.C.I.T.T. may be accommodated in the band 12-108 ke/s. 

t Although not referred to specifically in Recommendation No. 269, it is to be 
noted that the band 316-4 188kc/s is suitable only for up to 900 telephone channels, 
i.e. three mastergroups. 


some cases exceed those of the telephone traffic channels; this 
is because certain line pilots may be associated with the telephony 
channels for gain regulation, frequency control, etc., and must 
be transmitted freely by the radio-relay system. In addition, 
some extension of the baseband beyond the frequency limits 
shown in the Table may be necessary in order to transmit 
continuity pilots and provide noise-monitoring channels peculiar 
to the radio-relay system (Section 6.2). 

The power levels defined in the last two columns of the Table 
are the levels at the input and output of the radio-relay system 
relative to the level of an audio tone applied on the 2-wire side 
of a 2/4-wire junction which forms part of each telephone circuit. 

If, as is often the case, a test tone of 1 mW is applied at such 
a point, which is referred to as a point of ‘zero relative level’, 
the levels shown in the Table correspond to test-tone levels 
relative to 1mW. As can be seen from the f.d.m. signal levels 
given in Section 2.2(d), the speech mean power level is appre- 
ciably less than the test-tone level. 


(3.2) Television Systems 


The preferred characteristics for baseband interconnection 
points of television radio-relay systems are as given in 
Section 2.3.1. 


(3.3) Television and F.D.M. Multichannel Telephony on the 
Same Radio Carrier 


In the case of the largest-capacity radio-relay systems at 
present defined, e.g. the system for 1800 telephone channels 
referred to in Table 2, it is considered that such systems may 
be used alternatively for the transmission of a television channel 
and a number of f.d.m. telephony channels simultaneously on 
each radio carrier. Such an arrangement offers economic 
advantages compared with systems requiring two radio carriers 
to provide the same capacity. For the reasons referred to in 
Section 1.6.2, it is preferred to transmit the video signal in the 
lower part of the baseband and the f.d.m. multichannel telephony 
signals in the upper part of the baseband, as shown for example 
in Fig. 7 (Recommendation No. 271). It is to be noted that, 
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Fig. 7.—Examples of alternative baseband arrangements for radio- 
relay systems transmitting television and telephony simultaneously 
on the same r.f. carrier. 


The mastergroup numbers shown are those proposed by the C.C.I.T.T. 


MG = Mastergroup of 300 telephone channels. 
CP = Continuity pilot. 

CS = Colour sub-carrier. 

CS’ = Second harmonic of CS. 


in systems transmitting colour-television signals with a colour 
sub-carrier, certain blocks of telephone channels may have to 
be omitted in order to avoid possible interference from the 
second harmonic of the colour sub-carrier produced by residual 
non-linearity of the radio-relay system. 


(3.4) Television and Sound Channels on the Same Radio 
Carrier 


It is sometimes required to transmit a sound channel (music 
circuit) simultaneously with a video signal on the same radio 
carrier. Such an arrangement is often more economical and 
may have operational advantages compared with the use of a 
separate land line for the sound channel. A convenient means 
for providing such simultaneous transmission is to use an f.m. 
sub-carrier located in the baseband above the video signal but 
below the radio-relay-system pilot carrier. The frequency and 
modulation characteristics of the sub-carrier must be carefully 
chosen so as to avoid crosstalk from the video channel into the 
sound channel and vice versa, and to achieve a satisfactory 
signal/noise ratio in the sound channel when the video 
signal/noise ratio is satisfactory. The preferred characteristics 
(Recommendation No. 272) are as follows: 


_ (a Bandwidth of sound channel: 30c/s to 10kc/s (the upper 
limit may be increased to 15kc/s, should this be recommended by 
thex@:G2liels): 


(6) Audio level and impedance: +9 dBm in a circuit of 600 ohms 
balanced. 

(c) Nominal frequency of sub-carrier: 7-5 Mc/s. 

(d) Nominal deviation of sub-carrier: 140kc/s r.m.s. for audio 
level of +9dBm. 

(e) Amplitude of the unmodulated sub-carrier should be such as 
to produce a deviation of the if. and r.f. carriers of 300kc/s r.m.s. 


Pre-emphasis of the frequency-modulated sub-carrier is not 
considered desirable in view of the possibility of excessive cross- 
talk into the video channels. 

Since operational requirements often demand a number of 
sound channels, consideration is to be given to preferred charac- 
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teristics for arrangements whereby up to six sound channels 
be transmitted, e.g. by means similar to the above. 


(4) PREFERRED INTERMEDIATE FREQUENCY AND 
MODULATION CHARACTERISTICS (F.M. SYSTEMS 


Where microwave radio-relay systems are to be establis 
across international frontiers it is obvious that the modula 
characteristics of the r.f. carrier, including the frequency dé 
tion of the carrier and the use or otherwise of pre-emph 
must be agreed by the countries concerned. From thi 
follows that the modulation characteristics of the i.f. carrier 
also determined. The need for a preferred intermediate 
quency is perhaps less obvious, and it arises from the follo: 
considerations: 


(a) At common frontier stations international interconnectics 
be made at intermediate frequency without translation to bases 
thus reducing noise and distortion. J 

(6) Within a country the use of a standard intermediate frequ 
facilitates interconnection between national systems. 

(c) Television outside-broadcast injection facilities can be : 
readily provided. 

(d) Maintenance and testing of systems is simplified. 

(e) Preparation of preferred r.f. channel arrangements (Sects 
is facilitated. 


Except where otherwise shown the preferred i.f. characte 
discussed below apply to line-of-sight and near line-of- 
radio-relay systems with capacities of up to 1800 telest 
channels or the equivalent; characteristics suitable for < 
systems such as tropospheric-scatter systems have yet « 
determined, although those shown below may be used w 
appropriate. © 


(4.1) Intermediate Frequency Characteristics (Recommend 
No. 273) 


(4.1.1) Centre Value of the Intermediate Frequency. 


The ‘centre value’ of the intermediate frequency is that 
sponding to the arithmetic mean of the upper and lower i 
of the deviation of the carrier; in most systems this corresp 
closely to the frequency of the carrier in the absence 
modulation, but in some cases, e.g. television systems wit 
pre-emphasis, the intermediate frequency in the absenc 
modulation may be offset relative to the centre value. 

The preferred nominal centre values of the intermediate 
quency, which apply both to multichannel telephony (f« 
systems and to television systems, are as follows: 


(i) 35 Me/s for radio frequencies up to 1000 Mc/s (70 Me/s 
also be used, for example, in larger-capacity radio-relay system 
(ii) 70 Mc/s for radio frequencies from 1000 to 8 500 Me/s. 


(4.1.2) Input and Output Voltages and Impedance of the Interme 

Frequency Circuit. ‘ 

In order to facilitate interconnection at intermediate frequ 
the following preferred values have been defined: 


(a) Output voltage: 0-5 volt r.m.s. 
(5) Input voltage: 0-3 volt r.m.s. 


The difference between these voltages allows for losses 
connecting cables. 


(c) Nominal impedance: 75 ohms unbalanced. 


In the case of f.d.m. systems the amount of intermodul 
noise due to mismatch of the i.f. circuits at a point of | 
national interconnection is required not to be excessi\ 
relation to the overall noise requirements of the hypoth 
reference circuit for such systems. 

Similarly, in the case of television systems the echo diste 
due to impedance mismatch of the if. circuits at a point of. 
national interconnection is required not to be excessi 


ion to the overall performance requirements of the hypo- 
t cal reference circuit for such systems. 


¥|.2) Modulation Characteristics for F.D.M. Multichannel 
Telephony 


ne modulation characteristics given below apply to the i-f. 
r.f. carriers of f.m. systems for f.d.m. telephony. 


Frequency Deviation without Pre-Emphasis. 


mie choice of an optimum value for the frequency deviation 
d.m. multichannel telephony is conditioned by a number of 
nical and economic factors. Larger values of the deviation 
ile the signal/basic-noise ratio to be improved, or if the 
/noise ratio is unchanged, the cost of a system to be 
«ced by using smaller aerials, lower-power transmitters or 
‘er paths. On the other hand, large deviations may increase 
ily the level of intermodulation noise arising from i.f. and 
elay distortion, feeder echoes or multi-path transmis- 
43,14 Targe deviations are also undesirable in view of the 
sased bandwidth that would be needed and the resulting 
of economy in the use of the spectrum. Consideration of 
> factors has resulted in the preferred values shown in 
1 e 3 for the carrier-frequency deviation per telephony channel 
systems not using pre-emphasis (Recommendation No. 274). 


Table 3 


i‘ 
=| PREFERRED CARRIER-FREQUENCY DEVIATION (WITHOUT 
i I PRE-EMPHASIS) 


i F.D.M. MULTI-CHANNEL TELEPHONY 


| 

} 

(eee Maximum number 
4 of telephone traffic 

channels 


R.M.S. deviation for a single 
telephone channel* 


i ke/s 
IL 35) 
|| 50, 100, 200 
50, 100, 200 
ih 200 
eS 200 
200 
140} 


alternative 
values 


i: * For a tone of 1 mW at a point of zero reference level. 
+ Provisional value, with pre-emphasis. 


' Pre-Emphasis Characteristics 


+. is well known that, in the absence of pre-emphasis, the 
noise in the baseband output of an f.m. system has a 
ong lar’ distribution, i.e. the noise voltage in a given narrow 
id is proportional to the centre frequency of that band. 
ver, noise from modulators and demodulators may modify 
| triangular noise distribution in practice. Thus in f.d.m. 
phony systems the signal/basic-noise ratio in the telephony 
dnnels varies in accordance with the position of the channel 
he baseband and some channels may have appreciably better 
jal/noise ratios than are necessary. It is reasonable, there- 
i>, to attempt to obtain a uniform signal/noise ratio in all the 
mnels, and a more economical system, by increasing the 
-frequency deviation for the upper channels relative to 
wer channels. However, if this process is carried too far 
level of intermodulation noise in the lower-frequency channels 
fees excessive. Such intermodulation noise arises from non- 
parity of modulators and demodulators, from delay distortion 


of feeder echoes and multipath: effects. A compromise is 
re necessary, and the preferred pre-emphasis charac- 
> shown in Fig. 8 has been adopted for f.d.m. multichannel 
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Fig. 8.—Pre-emphasis characteristic for f.d.m. telephony. 


telephony systems with capacities of up to 960 channels, and 
provisionally for systems of 1 800 channels. 

The preferred pre-emphasis characteristic (Recommendation 
No. 275) is that obtained by using a network with an insertion 
loss given by 


E 6:90 
20 logig — = 10 logyo | 1 + decibels 
eae 
T= if, 


where E and V, are the input e.m.f. and output voltage, respec- 
tively, f, is the resonant frequency of the network (f, = 1-25f,,ax)s 
and f,,ax 1s the highest telephone-channel baseband frequency of 
the system. 

The basic pre-emphasis and de-emphasis networks are shown 
in Fig. 9, and values of f,,,,, and f, for f.d.m. systems of various 
capacities are given in Table 4. 


Table 4 


CHARACTERISTIC FREQUENCIES FOR PRE- AND DE-EMPHASIS 
NETWORKS 


F.D.M. MULTICHANNEL TELEPHONY 


Maximum number 
of telephone traffic 
channels 


* Provisional values; the networks are also provisional for 1 800-channel systems. 

+ This value, given in Recommendation No. 275, appears to be incorrect and 
should be 5 235kc/s. 

It is an additional requirement that where pre-emphasis is 
used the effective (r.m.s.) deviation due to the multichannel 
signal should be the same with and without pre-emphasis. This 
requirement ensures that the bandwidth occupied by the modu- 
lated r.f. and i.f. carriers shall be the same with and without 
pre-emphasis, thus enabling the same rf. channel arrangement 
to be used in both cases. 

When setting up the desired modulation conditions it is useful 
to note that the deviation for a single telephone channel, with 
pre-emphasis, is the same as that without pre- -emphasis for the 
baseband telephone channel whose centre frequency is 0° 608fingx- 
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(a) 


Fig. 9.—Basic pre-emphasis and de-emphasis networks for f.d.m. 
multi-channel telephony. 


(a) Basic pre-emphasis network 


R = 1-81Ro 
Ri <0-01Ro at fr 
joe 

Ve = 0-79Ro 


1 1 
fr= 1:25 fmaz = 5 RG 
where finaz is the highest baseband frequency. 
(b) Basic de-emphasis network 


R =1-81Ro 
R2 < 0:02Ro at f, 


L2 
ey 8 64 
C2 2 
2S fm : hi. 
f= mat = 7 TGS 
Element tolerances for networks (a) and (4) are as follows: 
Resistors : +1% 
Capacitors: +0-:5% 
Sr : +0-5% (ZL resonating with C) 


(4.3) Modulation Characteristics for Television 


The modulation characteristics given below apply to the i.f. 
and r.f. carriers of f.m. systems for television. 


(4.3.1) Frequency and Sense of Modulation. 


The technical and economic factors that determine the 
optimum frequency deviation for television are similar to those 
for f.d.m. multichannel telephony discussed earlier; increasing 
the deviation improves the signal/noise ratio, but if taken too 
far it may not be justified because of the increased spectrum 
space required. Furthermore, large deviations may produce 
excessive waveform distortion and non-linearity, particularly at 
high baseband frequencies. Such distortion and non-linearity 
are troublesome in the transmission of colour-television signals 
since they give rise to differential amplitude and phase distortion. 

The preferred values of the deviation for the peak-to-peak 
amplitude of the video signal (Recommendation No. 276) are 
as follows: 


625 lines or less . 8Mc/s peak-to-peak 
819 lines . 8 to 12 Mc/s* peak-to-peak 


* The actual value is to be agreed between the administrations concerned. 


The above values apply both without and with the pre- 
emphasis characteristics discussed below. 

The ‘sense’ of the modulation, i.e. whether a positive-going 
video signal corresponds to an increase or a decrease of the 
radio or intermediate frequency, has not been standardized, 
since it is a relatively easy matter to reverse the polarity of the 
video signal as required. Furthermore, in some systems the 


sense of the modulation is intentionally reversed on suce 
sections of a multi-section link in order to minimize distor 


(4.3.2) Pre-Emphasis Characteristics. 


The use of pre-emphasis in television transmission is of 
siderable value for the following reasons: 


(a) It transforms a non-symmetrical waveform to one of g 
symmetry (see Fig. 10), thereby enabling the same radio-relay sj 
from the modulator to the input demodulator output, to be 
alternatively for television and f.d.m. multichannel telephony. 

(b) Frequency stabilization of the r.f. and i.f. carriers is simp 
since the same mean-frequency control can be used for tele 
and f.d.m. multi-channel telephony. ‘ 

(c) Distortion, including differential amplitude and phase ¢ 
tion, is minimized, thus facilitating the transmission of e 
television signals or of sound by means of a sub-carrier. 


The optimum shape of the pre-emphasis characteris 
determined by several factors. A large reduction in ampi 
of the low-frequency components of the video signal is : 
sirable since it may result in an unsatisfactory signal/interfe 
ratio due to mains hum, microphony and other low-freq 
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Fig. 10.—Effect of pre-emphasis on video waveform and. 
instantaneous carrier-frequency deviation. 
(a) T or 2T pulse and bar without pre-emphasis. 


(b) 2T pulse and bar with pre-emphasis. . 
(c) T pulse and bar with pre-emphasis. 
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Fig. 11.—Pre-emphasis characteristics for 405-, 525-, 625- ai 
819-line television systems. 


we a8 corresponds to a deviation of 8 Mc/s for 1-volt peak-to-peak sil 
signal. 


Maximum capacity of each radio carrier 
(telephone channels or television) 


60-120 (Recommendation No. 283) 


Table 5 


Nominal limits of radio 
frequency band 


Mc/s 
1700-1 900 


1 900-2 100 -(2000 Mc/s band) 
2 100-2 300 


| PREFERRED R.F. BANDS FOR INTERNATIONAL RADIO-RELAY SYSTEMS 


Preferred ‘centre’ 
frequency fo 
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Width of r.f. 
band occupied 


Mc/s 
1808 
2.000 
2203 


7425-7725 (7000 Mc/s band) 


UODLS 


} (2000 Mc/s band) 
3 800-4 200* (4.000 Mc/s band) 


Nt i 60-120 (Recommendation No. 284) 

f t 300-1800 or television or equivalent | 1700-2100 
i (Recommendations Nos. 278, 279 | 1900-2300 
itt and 281) 


1903 
2101 
4003-5 


600-1800 or television or equivalent 
(Recommendations Nos. 280 and 281) 


tference. A large increase in the amplitude of the high- 
uency components of the video signal is also undesirable 
e it produces large ‘spikes’ when rapid video transients 
ir (see Fig. 10), and these may cause interference in adjacent 
anels.. Furthermore it is desirable for the signal/thermal- 
ie ratio to be substantially unchanged as a result of the 
oduction of pre-emphasis. These considerations have led to 
adoption of the preferred pre-emphasis characteristics for 
B-, 525-, 625- and 819-line television systems shown in Fig. 11. 
| se characteristics can be achieved by the minimum phase- 
(t pre-emphasis network in Fig. 12 (Recommendation 


Cc 


——— 
75 OHMS 


Fig. 12.— Basic pre-emphasis networks for 405-, 525-, 625- and 
| as 819-line television systems. 


ein Fig. 11 (a) (6) (c) (d) 

\ x 405 625 525 819 
me. 22-25 9-54 5 3-313 

ae 3950 1695 3085 589 
ohms 300 300 (ce) 121-3 

ohms te) 75 48-7 75 
, Ohms 18-75 18-75 Bjsjo74 46-38 


of the pre-emphasis network. 


“PREFERRED FREQUENCY BANDS AND R.F. CHANNEL 
Hi ARRANGEMENTS (F.M. SYSTEMS) 

| Uhe following discussion relates to the frequency bands and 
channel arrangements for radio-relay systems using line-of- 
t or near line-of-sight paths. 

order that radio-relay links may be established across 


5 925-6 425 (6000 Mc/s band) 


6175 


t e. * In Regions 2 and 3 the band 3 700-4 200 Me/s is used. 


national frontiers it is clearly essential that there should be 
agreement between the administrations directly concerned on 
the frequency bands and r.f. channel arrangements to be used. 
Such agreement has been greatly facilitated by the international 
adoption of certain preferred characteristics. 

The broad frequency bands allocated to the fixed radio service 
have been laid down in the Radio Regulations adopted by the 
Administrative Radio Conference (Geneva, 1959). The C.C.LR. 
has recommended the use of certain preferred bands within these 
broad allocations for international radio-relay links, and these 
bands have also been widely used for national radio-relay links. 
The preferred frequency bands for multi-channel telephony 
systems of various capacities and for television systems are shown 
in Table 5. 

The r.f. channel arrangements consist of symmetrical patterns 
related to the nominal ‘centre’ frequencies shown in Table 5. 
However, for reasons given below, the ‘centre’ frequencies are 
not precisely located at the middles of the corresponding fre- 
quency bands. 

The choice of preferred r.f. channel arrangements for systems 
of various capacities is determined by several factors and is a 
matter of compromise. The more important factors concerned 
are as follows: 


(i) Several r.f. channels may be required along the same route 
and provision may be needed for r.f. channels on crossing or spur 
routes. 

(ii) For reasons of economy and convenience it may be desired 
to use common transmit-receive aerials (as shown, for example, in 
Fig. 1). 

(iii) The spacings between the channels and their arrangement 
must be such as to avoid mutual interference, without requiring 
filters of excessive complexity and cost. : 

(iv) Due regard must be paid to economy in the use of the 
spectrum. 


The basic pattern generally adopted is one in which the trans- 
mit (or receive) frequencies are in one block and the receive 
(or transmit) frequencies are in a second block alongside the 
first. This arrangement simplifies filtering by increasing the 
spacing of the high-level transmit and low-level receive signals. 
Figs. 13(a)-(c) and (e) show r.f. channel arrangements for the 
radio-relay systems given in Table 5. However, in some systems 
a pattern of alternate transmit and receive channels has been 
adopted [as in Fig. 13(d), which shows the r.f. channel arrange- 
ment used in the American TD2 system].4 For reasons of 
economy in use of the spectrum a ‘2-frequency’ per channel 
pattern is usually employed, i.e. a given channel uses f, OD 
section 1 of the route, f, on section 2, f, again on section 3 and 
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Fig. 13.—Preferred r.f. channel arrangements. 
(a) 60- or 120-channel f.d.m. systems operating in the 2000 Mc/s band. 
(b) 60- or 120-channel f.d.m. systems operating in the 7000 Mc/s band. 
(c) 600- to 1800-channel f.d.m. systems or the equivalent operating in the 2000 and 4000 Mc/s band. 
A = Auxiliary radio-relay system channels. 
(1. or L_*_J indicates H(V) or V(H) polarization) 
(d) Alternative to (c) for 600-channel f.d.m. systems or the equivalent operating in the 4000 Mc/s band (Regions 2 and 3). 
(e) 600- to 1 800-channel f.d.m. systems or the equivalent operating in the 6000 Mc/s band. 
A = Auxiliary radio-relay system channels. 
so on, the difference f° — f, being the ‘shift’ frequency. It is There are several possible sources of internal interferenc 
> n n 


usual to employ different polarizations on alternate sections, e.g. 
sections 1 and 3, using the same frequency. However, in some 


multi-r.f.-channel systems, and great care is necessary if 
preparing r.f. channel arrangements, such interference is t 


situations where ‘overreach’ interference is liable to occur, e.g. avoided without giving rise to filtering difficulties. Interfez 
between sections | and 3 due to insufficient aerial discrimination, may arise from the following causes: 


it may be necessary to use a slightly different frequency on 


section 3. Different frequencies may also be needed on corre- with an intermediate frequency). 


sponding channels for different directions of transmission on 
adjacent sections, in order to avoid interference due to fore- 


(a) Image frequencies of the transmitter or receiver (in sys 


(6) Intermodulation products of two or more transmit si; 
due, for example, to amplitude non-linearity at joints in wavegu 
(c) Signals which fall near the local-oscillator frequency ©} 


ground reflections. Provision is therefore made for the use of receiver or twice the intermediate frequency from it. 
‘stagger’ or interleaved frequencies where necessary, these being (d) Harmonics of the shift frequency fy — fn. 
midway between the frequencies of the basic pattern. (In the The choice of an r.f. channel arrangement which minin 


60-120-channel systems operating in the 7000Mc/s band 
quarter-spacing stagger frequencies are also available). 


such interference has been described elsewhere, with partic 
reference to the arrangement shown in Fig. 13(c) for 600-1 


| nel f.d.m. systems, or the equivalent, operating in the 2000 
14000 Mc/s bands.17 

sie centre frequencies shown in Table 5 and indicated by fy 

it ig. 13 have been selected to minimize certain of the sources 


 iterference discussed above—in particular, those related to 


/ 1 the r.f. channel arrangements shown in Fig. 13 are suitable 
| ase with the preferred intermediate frequency of 70 Mc/s. 
| arrangement shown in Fig. 13(e) is also suitable for an 
i) mediate frequency of 74-13 Mc/s, which enables a common 
‘lator (14-82 Mc/s) to be used for generating all the local 
‘| lations of the system (this scheme is used in the American 
: ‘system).° 

= here common transmit-receive aerials are employed it is 
fided that only suitably spaced channels, e.g. the alternate 
nels in Figs. 13(c) and (e), shall be employed on the same 
aul and that these channels shall use the same polarization. 
| remaining channels could be used, if desired, on a separate 
_. aerial with a different polarization. 


CONTROL AND MAINTENANCE 
TECHNIQUES 


OVeliability is an essential requirement for both international 
2 national circuits. The standards of reliability aimed at are 

1 that the outage time due to all causes, including adverse 
Sagation, equipment and mains supply failures, should not 
ved some 0:05% per annum for a 2500km circuit, and 
portionally less for shorter circuits. It is also necessary to 
a@ntain the desired standard of transmission performance, i.e. 
@ signal/noise ratio should not fall below, or the distortion 
¢ed, the prescribed limits. 


df he achievement of high reliability and the maintenance of 


\ 
(© SUPERVISORY, 


7: 


(@ Supervisory facilities to enable the overall continuity and 
werformance of the broadband channels, the correct functioning of 
‘1e€ equipment and availability of the mains supply at both the 
H)ttended and unattended stations to be continuously and auto- 
atically monitored and alarms given at attended control stations 
71 the event of failure. ’ Seri 
‘! @) Control facilities to enable the appropriate switching, e.g. 
(com working to protection channels or from mains to standby 
i ower supplies, to be carried out either automatically or manually. 
| ©) Service channels for the transmission of maintenance informa- 
\on between staff at attended control stations, and to staff visiting 
‘ormally unattended stations for fault clearance; service channels 
‘re also needed for the transmission of control and supervisory 
fignals between attended and unattended control stations. 
(d) Testing facilities for the examination of the overall (baseband 

/ 0 baseband) transmission performance of the channels (the facilities 
/equired for detailed testing at individual stations are excluded from 
his discussion since they do not normally involve international 
}0-Operation). 
\The techniques used to achieve high reliability, maintain the 
/Msmission performance and locate faults are described below. 
| the case of international circuits it is evident that common 
vhniques in the countries concerned are desirable, if not 
sential, and this has led to a certain degree of international 
a dardization. ; 
‘The overall aspects of the maintenance of international radio- 
\ay and line systems are the responsibility of the C.C.LT.T. 
Ice they concern the performance of the general network, but 
2 detailed aspects of the maintenance of international radio- 
‘ay systems are the responsibility of the C.C.LR. 


(6.1) Control Stations, Switching Sections and Protection 
bi Channels 

It is the practice to subdivide long radio-relay systems into 
fitched ‘sections 150-300km in length, each switched section 
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comprising up to six or so unattended intermediate (repeater) 
stations. The switched sections terminate in control stations 
which are either attended or operated remotely from nearby 
attended stations. Over the switched sections a number of 
working channels are provided to meet the traffic requirements, 
together with a protection channel which can be switched 
automatically or manually into circuit if a working channel 
fails, as described in Section 1.5. The criterion adopted for 
switching is an excessive change in level of the continuity pilot 
or an abnormal increase of noise in a noise-measuring channel 
(Section 6.2). Where the characteristics of the working channels 
are sufficiently alike, e.g. for television and 960-circuit multi- 
channel telephony, a common protection channel is often used 
(Recommendation No. 305). A typical arrangement of the 
working and protection channels, and the associated pilot 
injection and detection facilities, is shown in Fig. 14. 

The use of a switched protection channel is generally preferred 
to the use of switched standby equipment operating on the same_ 
frequency as the working equipment and switched into circuit 
only at a station where a fault has occurred. The reasons for 
this preference are as follows: 


(a) Continuous automatic monitoring of the protection channel 
can be arranged, thus helping to ensure that the protection channel 
is ready for service when required. 

(6) Maintenance is facilitated since a working channel can be 
replaced by the protection channel and tested end to end without 
interrupting traffic. 

(c) The protection channel is available for carrying traffic on 
exceptional occasions if required, e.g. for television outside-broadcast 
purposes. 


In considering the interruptions due to switching, e.g. from 
working to protection channels, a distinction is made between 
the transfer time of the switches and the time taken for the 
switches to operate after a fault has occurred. The latter is often 
limited by the time taken to transmit control signals over the 
switched section. The following objectives for the maximum 
durations of interruptions have been defined (Report No. 137): 


Transfer time.—1 millisec, which appears acceptable for most 
services. However, if high-speed data transmissions are required, 
and even for certain types of y.f. (carrier) telegraphy, this value 
should be considerably reduced. 

Operate time.—35 millisec, which may cause errors in 50-baud 
telegraph transmission. 


It is noted, however, that, with systems now in service, the 
transfer time may be about 3-5 millisec and the operate time 
may be 50 millisec or more. 

It is further recommended that the design of switching systems 
should be such that interruptions corresponding to the operate 
time (of the order of 35 millisec) occur only in the case of infre- 
quent and unavoidable failures of the working equipment. 
Interruptions corresponding to the transfer time (1 millisec or 
less) may occur more frequently without serious difficulty, e.g. 
owing to failures in radio propagation arising from selective 
fading. 


(6.2) Pilots and Noise-Monitoring Channels 


In order to monitor the continuity or otherwise of the working 
and protection channels, even when traffic signals are not present, 
it is convenient to transmit a ‘continuity’ pilot, usually at a 
frequency some 10% above the upper frequency limit of the 
f.d.m. multi-channel telephony signal to facilitate filtering. The 
precise frequency is chosen, where possible, to minimize intel- 
ligible crosstalk in the telephony channels. The continuity 
pilots for television systems have been selected to be the same 
as those for f.d.m. multi-channel telephony systems of com- 
parable baseband width. The continuity pilot is individual to 
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thjadio-relay system and is suppressed at the baseband output 
ly eans of a band-stop or low-pass filter [Fig. 14(b)] to avoid 
inference to other systems to which the tadio-relay system 
ey be connected. The preferred frequencies for the continuity 
py: for f.d.m. multi-channel telephony systems of various 
egcities, and for television systems, are shown in Table 6 
£ ommendation No.292). 


| Table 6 


rH CONTINUITY PILOTS AND NolIsE-MEASURING CHANNELS 
/F.D.M. MULTI-CHANNEL TELEPHONY AND TELEVISION 


Centre frequencies of 
eta number Devaton noise-measuring channels 
nig f telephone Continuity pilot (r.m.s.) = Se l 

4) fic channels frequency produced by Below 
} <2 television the pilot traffic | Above traffic 
| : channels channels 
ke/s ke/s ke/s ke/s 
116 or 119 20 10 116 or 119 
304 or 331 25, 50, 100* | 10 or 50 | 304 or 331 
607 25, 50, 100* | 10 or 50 607 
1499, 7000 | 100 or 140} 50 1499 
or 8500 
3 200 or 8 500 140 50 3 200 
4715 or 8500 140 50 or 270 4715 
800- 9023 100 270 9023 
} 405-line 8500 140 = 8 500 
) elevision 
| 625-line 8500 140 — 8 500 
television 
} levision and 9023 100 —_ 9023 
up to 6 
| telephone 
channels 


Alternative values depending on whether the deviation of the signal is 50, 100 or 


{| 
ny 
‘c/s (Table 3). 
ae figure applies to a frequency of 1499kc/s, and the second to 7000 or 
I he level of the continuity pilot is most conveniently defined 
érms of the radio-carrier frequency deviation produced by it. 
"/; level should not be so low as to create uncertainty due to 
@se present with the carrier, nor so high as to contribute 
iificantly to the risk of crosstalk or interference in adjacent 
io channels. The preferred deviations are also shown in 
Ole 6. 

the use of a continuity pilot by itself is insufficient, since, 
*i0ugh the pilot may be present, the channel may be unusable 
img to excessive noise. It is convenient, therefore, to monitor 
omatically the noise in a narrow channel, which may be 
jitred on the pilot frequency; alternatively, or in addition, a 
| se-measuring channel below the band occupied by the f.d.m. 
dti-channel telephony signal may be used. The use of a 
lse-measuring channel centred on the pilot frequency has the 
vantage of enabling common designs of filters to be used for 
> pilot and the noise-measuring channel, for selection and 
‘ypression purposes. The preferred centre frequencies of the 
ise measuring channels are also shown in Table 6 (Recom- 
‘dation No. 293). 

In view of the high degree of overall gain stability required by 
‘Ma, multi-channel telephony systems (Section 2.1.4), it is often 
ee to use automatic regulation of the overall gain between 
seband input and output. It is desirable for this purpose to 
2 a gain-regulating pilot within the baseband spectrum of the 
|m. multi-channel signal, since the level variations of the 
ot then closely correspond to the unwanted level variations 
‘the f.d.m. signal. In the case of f.d.m. systems with a 
pacity of 60 channels or more the preferred gain-regulating 
lot frequency is 308kc/s + 3c/s; this pilot frequency is also 
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used for line systems and falls in a convenient gap in the 
spectrum of the f.d.m. signals (Recommendation No. 291) (see 
Section 1.6 and Fig. 2). To avoid interference with the gain- 
regulating pilots of other systems, the radio-relay-system 308 kc/s 
pilot is required to be suppressed to at least —50dBm0 at the 
output of the system. 


(6.3) Service Channels 
(6.3.1) Types and Functions of Service Channels. 


The following recommendations (Recommendation No. 295) 
have been made with respect to international radio-relay systems 
capable of transmitting at least 60 telephone channels or a 
television signal, and comprising two staffed terminal stations, 
in which the signals are demodulated to baseband, and any 
number of unstaffed intermediate stations: 

(a) All staffed stations should be connected directly to the public 
telephone network. 

(6) When a radio-relay link is extended by means of short cable 
sections, and when these cable sections and the radio-relay link 
taken together constitute a ‘regulated line section’, the terminal 
stations of the radio-relay link itself should have spéaker circuits 
to the stations at the ends of the regulated line section. 

_(©), One telephone service channel (a main or express speaker 
circuit) should be provided for telephonic communication directly 
between the staffed control stations receiving supervisory signals. 

(dq) A second telephone service channel (an omnibus speaker 
circuit) should be provided for telephone communication linking 
together all stations, both staffed and unstaffed, of the system. 

(e) Wherever possible, and after agreement between the admini- 
strations concerned, one or two service channels should be provided 
in each direction for the transmission of supervisory and control 
signals between the stations of the system. 

(f) One of the service channels might be used for the transmission 
of high-speed signals associated with the switching of broadband 
radio channels, and the other could be used for the transmission of 
a number of relatively low-speed supervisory signals. 

(g) Wherever possible all service channels should provide the 
bandwidth recommended by the C.C.I.T.T. for international tele- 
phone circuits, namely 300-3 400 c/s. 

(h) The service channels should be provided either over metallic 
circuits, or over an auxiliary radio-relay system, using either the 
same frequency band as the main system or a different band, which 
follows the same route as the main system. 

It is also possible, by agreement between the administrations 
concerned, to transmit the relatively slow signals in the upper 
part of the omnibus service channel mentioned in (@). 

In the case of low-capacity systems (maximum of 300 telephone 
channels) the service channels can, for economic reasons, be 
placed in the baseband of the main radio-relay systems below 
the band occupied by the f.d.m. multi-channel telephony signals, 
by agreement between the administrations concerned. 

In connection with (/), it is to be noted that, when changing 
over from a working to a protection channel under fault con- 
ditions, the control signals needed to switch both ends of the 
channel must be transmitted from the receiving end to the trans- 
mitting end with a minimum of delay if switching interruptions 
are to be avoided. The change-over must be initiated from the 
receiving end since that is the point at which failure of trans- 
mission becomes apparent. Other control or supervisory signals, 
such as those indicating that a mains failure has occurred and 
that the equipment is operating on standby power supplies, need 
not be transmitted quickly. 

The characteristics of the control and supervisory signals have 
not so far been standardized, and it is left to administrations to 


agree on the characteristics to be used. 


(6.3.2) Radio-Frequency Channel Arrangements for Service Channels 


It is often convenient, for reasons of economy and to avoid 
adding to the mast loading by additional aerials, to provide the 
service channels on an auxiliary radio-relay system sharing the 
same aerials and feeders as the main radio-relay system. The 
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r.f. channel arrangements for these auxiliary channels must be Table 7 i 


carefully chosen in order to avoid interference to and from the 
main r.f. channels, owing to the causes described in Section 5. 
It is usual to provide two transmit and two receive r.f. channels 
in order to permit the use of working and protection channels 
on the auxiliary radio-relay system, with diversity working if 
required. (The use of frequency diversity in this case is con- 
sidered to be justified in view of the relatively small additional 
spectrum space needed.) 

The r.f. channel arrangements for auxiliary radio-relay systems 
operating in the 2000, 4000 and 6000 Mc/s bands are shown in 
Figs. 13(c) and (e); corresponding transmit and receive channels 
have the same polarization whilst the two transmit (or receive) 
channels have different polarizations (Recommendation No. 296). 


(6.4) Testing Techniques for F.D.M. Multi-Channel-Telephony 
Radio-Relay Systems 


The maintenance of a satisfactory standard of performance 
on f.d.m. multi-channel-telephony radio-relay systems requires 
the measurement of the following characteristics (Recom- 
mendation No. 290): 


(a) Stability of the overall gain or loss in the baseband. 
(6) Total noise, including crosstalk or intermodulation noise. 


The measurement of the overall (baseband input to baseband 
output) gain or loss is conveniently carried out by use of the 
308kc/s gain-regulating pilot (Section 6.2) since this can be 
done without withdrawing the channel from service. Additional 
measurements of the variation of the gain or loss over the fre- 
quency range of the baseband may also be required from time 
to time, and this normally requires the channel to be withdrawn 
from service. 

A general indication of the transmission quality from the 
noise aspect can be obtained by observation of the noise in the 
noise-measuring channels above or below the traffic channels 
(Section 6.2 and Table 6), and this can be done whilst the 
channel is in service. More detailed measurements are often 
required, and for this a white-noise testing signal is preferred, 
the white-noise signal being used to simulate the loading imposed 
on the radio-relay system by the active traffic channels. Inserted 
in the white-noise signal are three or more narrow measurement 
‘slots’ in which the noise level before transmission over the 
system under test is suppressed by at least 80dB. These slots 
correspond approximately to non-active traffic channels. The 
noise in the measurement channels at the output of the radio- 
relay system is the sum of the basic (thermal) noise of the system 
and intermodulation noise arising from non-linearity. This 
technique is especially valuable for the assessment of inter- 
modulation noise in radio-relay systems, because it enables this 
to be done simply and directly, whereas measurements of the 
harmonics or intermodulation products of one or two sinusoidal 
signals are difficult to interpret because of their variation with 
time and frequency. !8 

The following characteristics of the white-noise signals have 
been agreed internationally (Recommendation No. 294): 


(i) The power level of the signal with a uniform continuous 
spectrum should, for radio channels with at least 240 telephone 
channels, be equal to (—15 + 10 logig N) decibels relative to 1 mW, 
at a point of zero relative level, N being the number of traffic channels 
(see Fig. 15). 

(ii) The power level of this signal with a uniform continuous 
spectrum for radio channels with a capacity of at least 12 and 
not more than 240 telephone channels should be equal to 
(—1 + 4logio N) decibels* relative to 1mW at a point of zero 
relative level, N being the number of traffic channels; 

(iii) The frequencies of the measurement channels should be as 
shown in Table 7. 


* Provisional value for systems of less than 60 channels. 


CHARACTERISTICS OF WHITE-NOISE MEASURING EQUIPME} 
F.D.M. MULTI-CHANNEL TELEPHONY 


Maximum Centre frequencies of measurement channe 

number of | Bandwidth of i 

telephone white-noise Fi 

traffic spectrum Lower channel* | Centre | Upper chann 
channels hannel 

ke/s ke/s ke/s kc/s ke/s kt 

60 60-300 50 70 — 270 g 

120 60-552 50 70 270 534 € 

300 60-1 300 50 70 534 | 1248 | 14 

600 60-2 660 50 70 1248 | 2438 | 32 

0 60-4 028 50 70 2438 | 3886 | 47 

960 |, 316-4188 | 270 | 534 | 2438 | 3886 | 47 

1800 316-8204 | 270 534 3886 | 8002 | 9% 


* Alternative values. 


The detailed characteristics of the white-noise signal anc 
measurement channels have also been defined. 

Measurements of the ratio of noise in the freely transi 
band to that in the measurement channels (the ‘noise pe 
ratio) can readily be translated into the corresponding signal/t 
ratio (the signal being a test tone of 1 mW applied at a zere. 
point and the noise psophometrically weighted), by the 
version factor given in Fig. 15, subject to some adjustment 4 
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Fig. 15.—Busy-hour traffic levels and conversion factors fo 
determination of signal/noise ratios from measured noise { 
ratios. 


Busy-hour traffic is expressed as the mean power level of the multi-channei 
measured at a point of zero relative level. 


For N = 12 to 240 channels the busy-hour traffic is (—1 + 4 logigN) 
curve (a). 


For N > 240 channels, the busy-hour traffic is (—15 + 10 logi9 N) dBm0: cu: 


_ The conversion factor is added to the measured noise power ratio to gi 
signal/noise ratio corresponding to 1mW of tone and the noise power in a 3 
band (psophometrically weighted). 


The unweighted noise power is 2-5dB more than the psophometrically w 
noise power in a 3-1kc/s band. 


the predominating noise contribution arises from a parti 
type of intermodulation product (Note 3 of Document No. 
C.C.1.T.T. Study Group No. 1 gives additional informatio: 


(6.5) Testing Techniques for Television Radio-Relay Syst 


The test signals used for the measurement of field-tim« 
line-time waveform distortion (test signals Nos. 1 and 2) 


fj on-linearity distortion (test signal No. 3) are described in 
@ x I of Recommendation No. 267. 

te low-pass filter used for measurements of random noise is 
re red to have an insertion loss exceeding 40 dB for frequencies 
ite 1-09f,, where f, is the nominal upper video frequency; 
characteristics of the filter are defined in Annex II of 
® mmendation No. 267. 

)\e weighting network to be used when making measurements 
#) ntinuous random noise has an insertion loss given by 


{ 10 logy) (1 + w?T?) decibels 


jie value of T is 0-33 microsec for 405- and 625-line signals, 
0-166microsec for 819-line signals (f.= 10Mc/s); the 
acteristics of the filter are defined in Annex III of Recom- 
@dation No. 267. The weighting factors for ‘white’ and 
agular’ noise are given in Table 8. 


Table 8 


THEORETICAL NOISE WEIGHTING FACTORS 
FOR TELEVISION SYSTEMS 


System Theoretical weighting 


(number of lines and 
upper video frequency) 


White noise Triangular noise 


405 (3 Mc/s) 
625 (5 Mc/s) 
625 (6 Mc/s) 
819 (10 Mc/s) 


¥ TIME-DIVISION-MULTIPLEX RADIO-RELAY SYSTEMS 
FOR MULTI-CHANNEL TELEPHONY 


4ime-division multiplex (t.d.m.) radio-relay systems have so 
ound only limited application to the international network, 
3) these have been to systems providing relatively small 
tiibers of telephone circuits, say 24. Of the systems in service 
- majority use pulse-position modulation with amplitude 
i lulation of the radio carrier (p.p.m.—a.m.). However, p.p.m. 
ems with frequency modulation of the radio carrier (p.p.m.— 
; ), and systems using pulse amplitude modulation with 
uency modulation of the radio carrier (p.a.m.—f.m.), are 
1 used to a limited extent. Pulse-code modulation (p.c.m.) 
}2-division multiplex systems do not appear to have been used 
| civil radio-relay links. 
.D.M. systems have not found wide application in the inter- 
onal field for the following reasons: 


@) The international line and radio-relay systems at present in 
e employ frequency-division multiplexing almost universally, and 
tterconnection with t.d.m. radio-relay links can only be made on 
f audio basis (Recommendation No. 304), requiring additional 
nodulation and demodulation stages and introducing additional 
‘Oise and distortion (the possibility exists, however, of transmitting 
mber of f.d.m. groups of channels by t.d.m., but it has not been 
loited). 
i) ihe radio-frequency bandwidth required for t.d.m. radio-relay 
ystems (and particularly for p.c.m. systems) is appreciably wider 
an for f.d.m. systems of comparable performance and capacity, 
d this leads to a lack of spectrum economy. 
(tii) T.D.M. has not, so far, been shown to be technically satis- 
actory for high-capacity radio-relay systems (300 telephone circuits 


The international standardization of t.d.m. radio-relay systems 
} mot reached a very advanced stage because of their limited 
}. The main characteristics on which general agreement has 
ib It is recommended that, 
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ing characteristics should be a matter for agreement between the 
administrations directly concerned (Recommendation No. 299). 


(7.1) Preferred Characteristics for T.D.M. Radio-Relay 
Systems (Report No. 134) 


Characteristics of audio channels —The characteristics of the 
audio channels should conform with the recommendations of 
the C.C.I.T.T. for modern telephone circuits and for the method 
of signalling (Recommendation No. 297). 

Maximum number of telephone traffic channels.—To achieve 
maximum economy in interconnection with other systems, par- 
ticularly f.d.m. radio-relay systems and line systems, it is highly 
desirable to provide telephone traffic channels in groups of 12. 

Channel sampling rate for telephone traffic—The preferred 
channel sampling rate is 8kc/s with a tolerance of +8c/s or 
better. 

Pulse polarity at point of interconnection.—For p.p.m. systems 
positive polarity is preferred. 

Impedance characteristics at point of interconnection—The 
preferred nominal impedance at the point of interconnection is 
75 ohms. 

Channel pulses —The pulse width and shape should be such 
as to require the minimum bandwidth consistent with the 
facilities given by the system. 

Grouping of channels using marker-signal synchronization.—\f 
marker signals are used, it is recommended that each group of 
12 channels be assigned an individual marker signal to enable 
the other groups to function properly when one or more groups 
suffer a breakdown, and to facilitate the branching-off of groups. 

Input and output pulse amplitudes.—The preferred pulse ampli- 
tude at a point of international interconnection in p.p.m. systems 
is 1-4 volts at the output from the receiving equipment and 
0-7 volt at the input to the transmitting equipment; the difference 
in level allows for loss in the means of interconnection. 


(7.2) Hypothetical Reference Circuits and Circuit Noise in 
T.D.M. Multi-Channel-Telephony Radio-Relay Systems 


It is recommended that the hypothetical reference circuit for 
t.d.m. radio-relay systems with a capacity of 60 telephone chan- 
nels or less should be 2500km long and comprise six sections 
of equal length with voice-channel modulation and demodulation 
at each terminal of a section (Recommendation No. 300). 

The circuit noise allowable in the hypothetical reference circuit 
for t.d.m. radio-relay systems corresponds to that for f.d.m. 
systems (Section 2.2) with an additional allowance of 2500 pW 
for the noise contributed by the t.d.m. terminal equipment 
(Recommendation No. 301). 


(8) TROPOSPHERIC-SCATTER RADIO-RELAY SYSTEMS 


Radio-relay systems using the tropospheric-scatter mode of 
propagation”: ® are a comparatively recent development, and the 
definition of preferred characteristics for such systems has not 
yet reached a very advanced stage. However, this work is con- 
sidered urgent, particularly from the aspect of preferred r.f. 
channel arrangements, since it is clear that international planning 
and co-ordination of the radio frequencies used is essential in 
many areas in view of the considerable distances over which the 
signals may be propagated and the consequent risk of inter- 
ference both to other tropospheric-scatter systems and to other 
services sharing the same frequency bands. Attention should 
also be paid to spectrum economy since’ multi-section tropo- 
spheric-scatter systems tend to require appreciably more fre- 
quency space than line-of-sight radio-relay systems of comparable 
capacity andlength. This arises from the long-distance propaga- 
tion of tropospheric-scatter signals and the need for additional 
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frequencies to avoid mutual interference between the various 
sections of the system. 

The present position on the international standardization of 
tropospheric-scatter systems is as follows: 


(8.1) Baseband Characteristics 


The preferred baseband characteristics for f.d.m. multi-channel 
telephony, discussed in Section 3.1 and given in Table 2, apply 
also to tropospheric-scatter radio-relay systems of the appro- 
priate capacity. The adoption of these characteristics will, of 
course, facilitate interconnection with line-of-sight radio-relay 
and line systems. 


(8.2) Intermediate-Frequency and Modulation Characteristics 


No decisions have as yet been made on preferred intermediate- 
frequency or modulation characteristics for tropospheric-scatter 
systems, since these may be different from those used for line-of- 
sight systems in view of the characteristics of tropospheric- 
scatter propagation (faster fading rate, more marked selective 
fading and the need to operate with generally lower carrier/noise 
ratios). Although frequency modulation is generally used for 
tropospheric-scatter systems, other methods of modulation, 
including single-sideband amplitude modulation, are under 
consideration.!9 


(8.3) Radio-Frequency Channel Arrangements 


As already noted, the preparation of preferred r.f. channel 
arrangements for tropospheric-scatter systems is a matter of 
some difficulty owing to the many frequencies needed to avoid 
interference between the sections of multi-section systems arising 
from the long-distance propagation of tropospheric-scatter 
signals. It is further complicated by the need to avoid inter- 
ference between the high-power transmitters and the low- 
noise receivers at a given station, which may, for reasons of 
economy, have to share the same aerial. The r.f. channel 
arrangements adopted must also have considerable flexibility in 
order to accommodate systems with different telephone-channel 
capacities and perhaps one or more television channels. At 
the time of the [Xth Plenary Meeting of the C.C.I.R. (Los 
Angeles, 1959) no frequency bands had been allocated inter- 
nationally to tropospheric-scatter systems, and it was not then 
known how much frequency space, if any, would be available 
for such systems. The allocations subsequently made by the 
Administrative Radio Conference (Geneva, 1959) are indicated 
in Section 8.5. The best that could be done, therefore, at the 
IXth Plenary Meeting of the C.C.I.R. was to prepare a Report 
on the technical basis for preparing r.f. channel arrangements 
as a guide to administrations (Recommendation No. 303 and 
Report No. 136). The r.f. channel arrangements shown in the 
Report will need revision in the light of the frequency allocations 
subsequently made by the Administrative Radio Conference. 


(8.4) Limitation of Interference 


The C.C.LR. has noted that tropospheric-scatter systems 
require a high degree of international co-ordination and planning 
to avoid interference between systems in nearby countries, and 
that the problem becomes much more complex if such systems 
occupy the same frequency bands as conventional line-of-sight 
systems or other services (Recommendation No. 302). In stress- 
ing the need for the utmost frequency economy it recommends 
that frequency diversity should be avoided, as far as possible, 
particularly in those parts of the world where the spectrum is 
likely to become congested. To reduce interference special 
efforts should be made to operate tropospheric-scatter systems 
at the lowest practicable level of radiated power, to reduce 


BRAY: THE STANDARDIZATION OF INTERNATIONAL MICROWAVE RADIO-RELAY SYSTEMS 


radiation in and reception from undesired directions ar 
reduce spurious emissions to the lowest practicable level. 


(8.5) Frequency Bands for Tropospheric-Scatter Radio-R 
Systems ? 


The frequency allocations made by the Administrative F 
Conference (Geneva, 1959) for tropospheric-scatter radio- 
systems, and the conditions under which these allocations 
be used, are given in Footnotes 333 and 364 of the Freq 
Allocation Table (Article 5 of the Radio Regulations): 


333. In Region I, stations of the fixed service using troposp 
scac‘er may operate in the band 790-960 Mc/s subject to : 
ments between the administrations concerned and affected. 
operations in the band 790-860 Mc/s shall be on a secondary 
to those of the broadcasting service. 

364. In Region I, tropospheric-scatter systems may oper 
the band 2550-2700 Mc/s under agreements concluded be 
administrations concerned and those having services operati 
accordance with the Table, which may be affected. 


(8.6) Hypothetical Reference Circuit and Circuit Noise 
Tropospheric-Scatter Systems (Report No. 135) 


No formal recommendation for the hypothetical refs 
circuit for tropospheric-scatter systems has as yet been 3 
but an overall length of 2500km has been proposed. 4% 
been noted that it is not at present possible to propose 2 
division into homogeneous sections since the length of 
systems may vary widely, e.g. between 100 and 400km. 
further noted that the interconnection between systems 
usually be made at baseband frequencies. 

The question of circuit noise is currently being studied 5 
C.C.1.T.T./C.C.LR. Joint Working Party on Noise. It is re 
mended by the C.C.I.R. that, so far as mean noise pow 
concerned, the value of 7500pW mean psophometric pow 
any hour at the end of a 2500km hypothetical reference & 
(Section 2.2) is achievable on tropospheric-scatter systems 
that it is important to maintain such performance standarc 
international circuits. However, this desirable objective m 
some cases, in the present state of the art, result in prohit 
or excessive cost, impracticably high transmitter power or 
power as might result in undesirable interference. The apt 
tion of the stated noise objective might also make impracti 
some desirable extensions of the telephone network. A 1 
standard of performance, e.g. similar to that adopted br 
C.C.LT.T. for open-wire lines, is envisaged for such cases. 


(9) FUTURE DEVELOPMENTS 


As noted earlier the design of microwave radio-relay sys 
is not static, and developments will undoubtedly necessitat 
revision and extension of the preferred characteristics. 

Although most of the international microwave radio- 
systems now in use employ frequency modulation of the : 
carrier, it is possible that increasing demands on spectrum : 
and the need for still greater frequency economy will inc 
the desirability of using other forms of modulation suc 
single-sideband amplitude modulation. The latter would | 
the prospect of a considerable saving in bandwidth, alth 
at the expense of more stringent linearity requirements and 
additional complexity of the equipment required. 

The maximum capacity at present envisaged on micro 
links is 1 800 telephone channels, or the equivalent, on each: 
carrier. A higher capacity with, for example, the same car 
as the C.C.L.T.T. 12 Mc/s coaxial-cable system (2700 telep 
channels or the equivalent) would appear to be the next 
in development. However, more information is needet 
the multi-path transmission and selective fading character 


. 
- Fy 


‘ pical microwave paths before it can be said that such 
)ms are practicable. This is the subject of a C.C.LR. 
ld Programme. 

“ere is scope for the further development of the means for 
 mitting a number of high-quality music channels on the 
‘radio carrier as a television channel, e.g. by the use of f.m. 
: varriers. Such a development would be valuable for the 
‘@mission of composite sound and vision signals over inter- 
‘nal circuits such as the Eurovision network. 

‘Je present preferred characteristics of line-of-sight micro- 
he systems are primarily concerned with systems operating at 
Miencies up to 8-5Gc/s. A number of frequency bands 
‘i ve 8-5 Gc/s have been allocated by the Administrative Radio 
‘erence (Geneva, 1959) for use by fixed systems, and some 
Jjhiese may well find application to the provision of inter- 
imal circuits for television and multi-channel telephony, 
“ibly using shorter paths than is customary at lower radio 
@1encies. 
: the case of tropospheric-scatter systems further studies are 
‘ ‘ed of the performance achievable, the maximum transmis- 
i capacity that is practicable, the modulation methods and 
‘acteristics to be used, and the r.f. channel arrangements to 
oY i mployed. The latter study is urgent in view of the long- 
fe interference aspects of tropospheric-scatter systems and 
i | possible repercussions on international usage of the radio 
‘8 trum. 
Ho mention has so far been made of microwave systems 
Shg earth satellites, but it seems clear that such systems are 
ined to play an important part in world-wide communica- 
a and that international planning and co-ordination will be 
@ntial. This task has been entrusted to the newly-formed 
itdy Group IV (Space Systems) of the C.C.I.R. 


, 
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C.C.LR. 


The following Recommendations and Reports are from the 
documents of the [Xth Plenary Assembly of the C.C.I.R. (Los 
Angeles, 1959). 


Recommendations. 


No. 267. Requirements for the Transmission of Monochrome 
Television Signals over Long Distances. 

No. 268. Radio-Relay Systems for Telephony using Frequency- 
Division Multiplex. (Interconnection at Audio Frequencies.) 

No. 269. Radio-Relay Systems for Telephony using Frequency- 
Division Multiplex. (Interconnection at Baseband Fre- 
quencies.) 

No. 270. Radio-Relay Systems for Television. 
tion at Video Signal Frequencies.) 


(Interconnec- 
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No. 271. Radio-Relay Systems for Television and Telephony. 
(Simultaneous Transmission by the same Radio Frequency 
Carrier. Baseband Arrangements.) 

No. 272. Radio-Relay Systems for Television. (Simultaneous 
Transmission of the Monochrome Television Signals and a 
Single Sound Channel. Preferred Characteristics of the 
Sound Channel.) 

No. 273. Radio-Relay Systems for Television and Telephony. 
(Intermediate Frequency Characteristics.) 

No. 274. Radio-Relay Systems for Telephony using Frequency- 
Division Multiplex. (Frequency Deviation.) 

No. 275. Radio-Relay Systems for Telephony using Frequency- 
Division Multiplex. (Pre-Emphasis Characteristics for Fre- 
quency-Modulation Systems.) 

No. 276. Radio-Relay Systems for Television. 
Deviation and the Sense of Modulation.) 

No. 277. Radio-Relay Systems for Television. (Pre-emphasis 
Characteristics for Frequency-Modulation Systems.) 

No. 278. Radio-Relay Systems for Television and Telephony. 
(Radio-Frequency Channel Arrangements for Systems for 600 
to 1800 Telephone Channels, or the Equivalent, Operating in 
the 2000 and 4000 Mc/s Bands.) 

No. 279. Radio-Relay Systems for Telephony using Frequency- 
Division Multiplex. (Radio-Frequency Channel Arrange- 
ments for 300 Channel Systems Operating in the 2000 and 
4000 Mc/s Bands.) 

No. 280. Radio-Relay Systems for Television and Telephony. 
(Radio-Frequency Channel Arrangements for Systems for 600 
to 1800 Telephone Channels, or the Equivalent, Operating in 
the 6000 Mc/s Band.) 

No. 281. Radio-Relay Systems for Television and Telephony. 
(Preferred Radio-Frequency Channel Arrangements for 
Television.) 

No. 282. Radio-Relay Systems for Television and Telephony. 
(Use of Special Radio-Frequency Channel Arrangements.) 
No. 283. Radio-Relay Systems for Telephony using Frequency- 
Division Multiplex. (Radio-Frequency Channel Arrange- 
ments for 60- and 120-Channel Telephony Systems Operating 

in the 2000 Mc/s Band.) 

No. 284. Radio-Relay Systems for Telephony using Frequency 
Division Multiplex. (Radio-Frequency Channel Arrange- 
ments for 60- and 120-Channel Telephony Systems Operating 
in the 7000 Mc/s Band.) 

No. 285. Radio-Relay Systems for Telephony using Frequency- 
Division Multiplex. (Hypothetical Reference Circuit for 
Radio-Relay Systems with Capacity of 12 to 120 Telephone 
Channels.) 

No. 286. Radio-Relay Systems for Telephony using Frequency- 
Division Multiplex. (Hypothetical Reference Circuit for 
Radio-Relay Systems with Capacity of more than 120 Tele- 
phone Channels.) 

No. 287. Radio-Relay Systems for Telephony using Frequency- 
Division Multiplex. (Allowable Noise Power in the Hypo- 
thetical Reference Circuit.) 

No. 288. Radio-Relay Systems for Telephony using Frequency- 
Division Multiplex. (Noise in Real Circuits.) 

No. 289. Radio-Relay Systems for Monochrome Television. 
(Permissible Noise in the Hypothetical Reference Circuit.) 

No. 290. Maintenance Procedure for Radio-Relay Systems for 
Telephony using Frequency-Division Multiplex. (Measure- 
ments to be made.) 

No. 291. Interconnection of Radio-Relay and Line Systems. 
(Line-Regulating and other Pilots.) 


(Frequency 
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No. 292. Radio-Relay Systems for Television and Telep 
(Frequencies and Deviations of Continuity Pilots. ) 


No. 293. Radio-Relay Systems for Telephony using Freque 
Division Multiplex. (Maintenance Measurements in AC 
Traffic.) 


No. 294. Radio-Relay Systems for Telephony using Freque 
Division Multiplex. (Measurements of the Performance 
the Help of a Signal consisting of a Continuous Unif 


Spectrum.) 

No. 295. Service Channels for Radio-Relay Systems. (Tyj 
Service Channels to be Provided.) 

No. 296. Radio-Relay Systems for Television and Teleph 
(Preferred Characteristics of Auxiliary Radio-Relay Sysi 
Operating in the 2000, 4000 or 6000 Mc/s Bands.) 

No. 297. Radio-Relay Systems for Telephony using 
Division Multiplex. (Interconnection at Audio Frequens 

No. 298. Radio-Relay Systems for Telephony using 7 
Division Multiplex. (Preferred Characteristics.) 

No. 299. Radio-Relay Systems for Telephony using 7 
Division Multiplex. (Agreement on Major Characteristic 

No. 300. Radio-Relay Systems for Telephony using 7 
Division Multiplex. (Hypothetical Reference Circui® 
Radio-Relay Systems with Capacity of 60 Telephony Cher 
or less.) 

No. 301. Radio-Relay Systems for Telephony using 7 
Division Multiplex. (Allowable Noise Power in the Hi 
thetical Reference Circuit.) 

No. 302. Radio-Relay Systems Employing Tropospa 
Scatter Propagation. (Limitation of Interference.) 

No. 303. Radio-Relay Systems using Tropospheric-S« 
Propagation. (Radio-Frequency Channel Arrangements. 

No. 304. Radio-Relay Systems for Telephony. (Intercos 
tion of Differing Multiplex Systems.) 

No. 305. Radio-Relay Systems for Tekeycion and Telep® 
(Standby Arrangements.) 

No. 306. Radio-Relay Systems for Television and Telepi 
(Procedure for International Connection between Systems 
Differing Characteristics.) 


Reports. 


No. 129. Radio-Relay Systems for Telephony using Freque 
Division Multiplex. (Calculation of Intermodulation % 
due to Non-Linearity.) 

No. 130. Radio-Relay Systems for Telephony. (Noise T! 
able during very Short Periods for Time on Line-of-§ 
Systems.) 

No. 131. Radio-Relay Systems for Telephony using Freque 
Division Multiplex. (Technical Characteristics to be Spec 
in order to Connect any Two Systems.) 

No. 132. Radio-Relay Systems for Telephony using Freque 
Division Multiplex. (Design Objectives for Voice-Frequ 
Telegraphy on Telephone Channels.) 

No. 133. Radio-Relay Systems for Television and Telepk 
(Alternative Transmission of Television and Telephony.) 

No. 134. Radio-Relay Systems for Telephony using 7 
Division Multiplex. (Technical Characteristics to be Spec 
in order to Connect any Two Systems.) 

No. 135. Radio-Relay Systems using Tropospheric or I 
spheric Forward Scatter. 

No. 136. Radio-Relay Systems using Tropospheric-Se 
Propagation. 

No. 137. Duration of Interruptions on Radio Links ¥ 
Switching from Normal to Standby Equipment. 
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a SUMMARY 
: e use of r.f. switching and hybrid ring circuits in radio astronomy 
4 from the necessity of comparing small r.f. noise powers without 
\ ducing lossy switching elements in the receiver input. At fre- 
ycies where coaxial techniques are appropriate r.f. switches 
v nonly use crystal diodes. This paper compares the series and 
st} connections of such switches, showing that the minimum loss 
iske same but that the practical details usually favour the stub 
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/r the half-wave switching function used in interferometer aerial 
ms, the stub diode switch is shown to be a special case of the 


i (1) INTRODUCTION 


\beceivers used with practically all types of radio telescope 
in a high degree of sensitivity and stability by recording 
a x a difference between two signal sources! or a correlation 
een them.* Both techniques avoid the direct recording of 
ver noise, and both can use a variety of switching circuits 
hybrid circuits. The paper is concerned with the range of 
i. circuits useful in receivers for frequencies where coaxial 
niques are appropriate; the main difference in waveguide 
lits arises from the existence of non-reciprocal components, 
ah are not considered here. 
ae switching circuits are either change-over switches, which 
m be single or double pole, or they are phase-changing 
* ches introducing an extra electrical path in a coaxial circuit. 
4 Stal diodes have been found to be the most suitable switching 
@ients. It is often important to choose the switching circuit 
)sh introduces the Jeast loss, as, for example, when the switch 
i}) be used in a radiometer using a receiver with a very low 
Wit noise temperature. The paper therefore contains an 
a ysis of the loss in the various switching circuits and shows 
# any particular diode may be used in such a way that the 


his a minimum 

he hybrid circuits are used in splitting the output of a 
@>rator between two receivers, and also as a form of bridge 
@uit to compare impedances. A combination of these func- 
's has been used for the absolute calibration of noise signal 
@2rators against thermalloads. A brief analysis of the circuits 
(ionstrates their main properties; it may be used, for example, 
i analysis of the accuracy of a bridge circuit using a hybrid 
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(2) SWITCHES 


(2.1) Switching Diode 


appears that the main parameter affecting the loss and 
ation in r.f. switches is the ratio of the admittances of the 
ary switching element in its ‘on’ and ‘off’ conditions. 
tching diodes such as the T19G and the OA47 may, for 


en sc. 2 ee 
titten contributions on papers published without being read at meetings are 
ed for consideration with a view to publication. 

. Smith is at the Mullard Radio Astronomy Observatory. 
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' SWITCHING CIRCUITS AND HYBRID RING CIRCUITS USED IN RADIO 
| i ASTRONOMY 


By F. G. SMITH, M.A., Ph.D. 


(The paper was first received 1st July, and in revised form 8th October, 1960). 


our purposes, be considered as a fixed resistance R in series 
with a capacitance which changes from a low value C to a very 
high value whose impedance is much less than R. The admit- 
tance therefore changes from 1/R to Rw*C* + jwC. Since C 
may usually be tuned out, the switching ratio K is basically 
1/R’w*C?. This ratio may be written wZ/w?, where wo is a_ 
high-frequency characteristic of the diode. For example, a 
diode with R = 10 ohms and C = 1 pF, 9/27 = 1-6 X 10Ge/s; 
such a diode would allow effective switching up to frequencies 
of several gigacycles per second. 


(2.2) Series Single-Pole Change-Over Switch 


Fig. 1 represents a load resistance R;, such as the input of a 
receiver, connected to either of two generators according to the 


Fig. 1.—Series change-over switch. 


d.c. bias on the diodes. The diodes are now considered to have 
resistive impedances r and r’, where 
J 


rw2C2 


, 


r= 


The d.c. biasing arrangements and the tuning for C are not 
shown. The generators are matched to the receiver input, and 
all impedances are normalized to the generator impedance. By 
a suitable choice of this impedance, or by a suitable transforma- 
tion in the transmission lines on either side of each diode, it is 
possible to make rr’ = 1; if the ratio K = r’/r is large, this will 
give the least loss. In this condition the transmitted power is 
1 — (2/,/K) of the optimum. The ratio of the powers received 
from the ‘on’ and ‘off’ sides is then approximately equal to K; 
a larger ratio can be obtained at the expense of increasing the 
loss in the switch. 

A difficulty in realizing this performance arises in the practical 
arrangement for tuning out C, since an inductance must be 
placed in parallel with the diode either as a lumped impedance 
or as a section of balanced stub line. We shall find that the 
same switching, performance can be obtained for a stub switch, 
with greater convenience. 


(2.3) Stub Single-Pole Change-Over Switch 


In Fig. 2 the crystal diodes are connected to the switching 
points B and D via quarter-wave transformers with impedance 
Zr, which may be chosen to give the least loss in the switch. 
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Fig. 2.—Stub change-over switch. 


The diodes appear at B and D as admittances R/Z,* and 
KR/Z,*, which may be considered, respectively, small and large 
compared with Zo, the impedance of the generators, the load, 
and the lines BC and DC. 

The power transferred from the generator V,; to the load R; 
is attenuated by the factor 


Zin i RZo 
KB Zot ZA 


which again reduces to the best value [1 — (2/,\/K)] when 
Z> =Zi/KR*. Since KR? = 1/w?C? we find that the best value 
of Zr is (Z,Jwco)!?. 

This condition does not give the largest switching ratio (the 
ratio of powers received from the two generators). Since it is, 
in practice, impossible at low frequencies to obtain the theoretical 
loss of (1 — 2w/w 9), which may easily be less than 0-1dB, it 
may be considered desirable to use a value of Z; rather lower 
than (Zp/wC)!/?.._ The switching ratio may then be considerably 
improved without appreciably increasing the loss. 

The practical advantage of this form of switch over the series 
switch lies in the ease of tuning out C, which may be achieved by 
shortening the transformers BC and CD slightly, and adding a 
small capacitance at B and D. 

A stub switch of this kind has been made for a frequency of 
408 Mc/s using T19G diodes. The measured loss was 0-25dB, 
compared with a theoretical loss of 0-20dB. Diodes which 
have been developed for parametric amplifiers, as for example 
the VX3314, have higher cut-off frequencies. The loss in a stub 
switch at 408 Mc/s using two VX3314 diodes would be 0-1dB. 


jl 4 


(2.4) Series A/2 Switch 


The single-pole switch may be adapted to switches which insert 
extra lengths of line into a transmission-line circuit. The inser- 
tion of a half wavelength, as in Fig. 3, is required in phase- 


Ge rn2 


Fig. 3.—Half-wave switch. 


switching interferometers, in which two aerials are joined to one 
receiver alternately in and out of phase. 

Maximum power is delivered by this circuit when rr’ = 4. 
The phase reverses exactly when r and r’ interchange. Again 
it is difficult to tune out C, or to transform the impedances r 
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and r’ to obtain the least loss. With no attempt at e 
improvement, this switch will generally only be useful at 
quencies below about 300 Mc/s. 


(2.5) Series Switches for Other Phase Changes 


When lengths other than A/2 are to be inserted, it is nece: 
to use two change-over switches, as in Fig. 4; otherwise | 


Fig. 4.—Insertion of extra cable length 6). 


would be a large mismatch in one position of the switch. | 
the signal passes via the diodes AA’ or BB’, according * 
d.c. bias on them. 

A complete equality of mismatch between the two posi 
of the switch is obtained only by inserting extra lengths of ¢ 
in both paths; for the quarter-wave switch the two paths: 
and BB’ would then be 4/8 and 3A/8, respectively. 

As before, if the least possible loss is required, it ma 
necessary to use stub switches instead of series at both ext 
this insertion switch. For the particular case of a A/2 inser 
the circuit. becomes a form of hybrid ring, as considered #t 
next Section. 


(3) HYBRID RINGS IN SWITCHING 
(3.1) Phase-Switching Hybrid Ring (see Fig. 5) 


The phase-switching hybrid-ring circuit may be regard 
two stub switches at the points A and C, or, more properly, 
particular case of the hybrid ring. The more general u: 


Fig. 5.—Half-wave hybrid switch. 


hybrid rings is considered later; here we note that, if the i 
dances at B and D are interchanged, the output at C rey 
phase exactly. Again the normalized impedances r and r’ 
be obtained by transforming the impedances R and KR’ thn 
A/4 transformers to suit the value of Zy of the circuit. The 
power transfer is (1 — 4/,/K). 
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| Hull { (3.2) Double-Pole Change-Over Switch 


is occasionally advantageous to use two receivers when a 
‘parison is made between two sources of noise power, 
nj ing the connection by means of a change-over switch. 

_ problem is closely related to that of duplexing two trans- 
y ars on to a single aerial, which is commonly achieved by 


(Q) (b) 
Fig. 6.—Duplexing networks. 


i this bridge circuit the loads R, and R, have the same 
mezdance Ry. At frequencies where Z is low T, is connected 
i, and T, to R,; when Z becomes high the connections are 
nchanged. It has been shown by Phillips3 that the coaxial 
cuit of Fig. 6(5) gives an equivalent performance when all 
ii ths are quarter wavelengths. This is clearly adaptable to our 
Bose, by connecting switching diodes at Band E. The use of 
3% 1a double-pole change-over switch in a measurement of noise 
er is described in Section 5.2. 


HYBRID CIRCUITS AND TRANSFORMER HYBRIDS 
re is a general class of circuits known as directional 


Fig. 7 
(a) Directional coupler. 
(b) 180° hybrid. 
(c) 90° hybrid. 


BPtnecting lines in this symbol indicate, for example, that a 
Yerator at A would transmit power to B and D but not to C, 
ivided that all terminals were matched. The ratio of the 
puts at B and D may be very high; this is the usual arrange- 
7 it when a directional coupler is used to measure the reflection 
ficient of the Joad at B by comparing outputs at C and D. 
¥2matively, if the ratio of the outputs at B and D is arranged 
ide unity, the circuit has several uses as a splitter and as a 
i ige. We shall review various practical forms of such a 


(4.1) 180° Hybrid 


he hybrid of Fig. 7(b) is made of coaxial cable with the same 
racteristic impedance Zy throughout. Normalizing all impe- 
(ces and admittances to this value, it may be shown that if a 
tent generator I 4 with output admittance Gy is connected 
A, the following currents flow in the admittances Gp, Gc 
‘| Gp connected between B, C, D and earth: 
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G 
ipl <(GcGp + Gels 


j G 
Uy es <(GsGc a Darla 
A 


Gp — Gy’ Ga 

Io = —_— = 

A G4 

A = G4GgGcGp + > G,G, +4 
x,y 


[4 
where 


The main features of this circuit at its centre frequency are as 
follows: 
(i) The points A and C are isolated from one another if equal 
admittances are presented at B and D. 
(ii) The current at C reverses in phase if the admittances at B and 
D interchange (this is the action of the switch in Section 3.1). 
(iii) When admittances »/2Gp (where Gp = 1/Z,) are presented 
at B and D, a generator at A with output admittance ECs is 
matched, and equal anti-phased currents flow at B and D ; 


(4.2) 90° Hybrid 


In Fig. 7(c) all four arms are quarter wavelengths, but AB 
and CD have characteristic impedance Zp, and AD and BC have 
characteristic impedance Z)/\/2. This circuit behaves like the 
180° hybrid except that 

(i) A and C are isolated if Gg = 1/Gp. 
(i) The hybrid is matched by impedances Zp) when the currents 
at B and D are in quadrature. 

There appears to be no advantage in this over the hybrid 
circuit shown in Fig. 7(b), which has been more widely used in 
radio astronomy. 


(4.3) Transformer Hybrid 
The transmission-line hybrids are strictly correct at only one 
frequency. At lower frequencies where lumped circuits are 


practical the transformer bridge of Fig. 8 provides a similar 
function without frequency sensitivity. 


00000900000 
Beate 
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Fig. 8.—Transformer hybrid. 


Here the transformer has two equal secondary windings in 
anti-phase. The use of this circuit as the transformer ratio- 
arm bridge is well known, but there is also a close correspondence 
with the action of the hybrid circuits in their properties of 
isolation and splitting. 


(5) MEASUREMENT OF SMALL R.F. NOISE POWERS 


Comparison of the noise powers in two generators, as, for 
example, in an aerial and a diode noise source, has been made 
by using receivers with simple change-over switches at the input, 
and also by using phase-switching receivers. The two methods 
are basically the same, and both suffer from the disadvantage 
that the receiver output is a function of the impedance of the 
source as well as of its available noise power. This arises from 
the dependence of the receiver noise on the source impedance, 
and errors of noise temperature corresponding to appreciable 
fractions of the receiver noise temperature may occur. It 
appears that, in any such measurement, it is necessary to be 
able to check the equality of the source impedances, and when 
low temperatures are involved this check must be very accurate. 
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Two methods, adaptable to the two kinds of receiver, are 
described first. In Section 5.3 a receiver which is comparatively 
insensitive to impedance changes is described. 


(5.1) Phase-Switching Receiver with a Hybrid Ring 


In the arrangement of Fig. 9, the two amplifiers 1 and 2 
ideally receive noise signals Vy, — Vy2 and Vy; + Vy2, respec- 
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Fig. 9.—Comparison of noise powers using a phase-switching 
receiver. 


tively, from the 180° hybrid ring ABCD. The receiver output, 
after these have been added via a commutating 180° switch and 
after simple square-law detection, is proportional to V2; — Vf». 
The required check of impedances may be made by disconnecting 
amplifier 2 from the point D, and feeding in an r.f. signal at 
this point from a high-level signal generator. Any inequality of 
impedances will allow some of this signal to enter the receiver 
via A,, so that a matching network M may now be adjusted for 
zero transmission. 

This method has been used by Costain5 for accurate measure- 
ment of equivalent aerial temperature in the metre wavelength 
range. 


(5.2) Simple Change-Over Switch, with Directional Coupler 


The incorporation of a directional coupler into a switched 
receiver, as in Fig. 10, allows the match of either load to be 


SIGNAL 
GENERATOR 


» DETECTOR 


CHANGE-OVER — 
SWITCH 


N2 


COMPARISON 
IMPEDANCE 


Fig. 10.—Comparison of noise powers using a Dicke receiver. 


checked at any time by stopping the switch and injecting power 
from the high-level signal generator. If the loads on B and D 
are equal, no power will appear in the receiver. A possible 
procedure in a comparison of noise powers would be as follows, 
which would allow for changes in impedance of the source Vni 
to be removed by the matcher M,: 

(i) Stop the switch on the side of Vy. 

(ii) Adjust the matcher Mz for balance. 

(iii) With the switch running, adjust Mj so that there is no change 
in detected receiver output when the high-level generator is keyed 
‘on’ and ‘off’. 

This procedure enables the check on impedances to be carried 
out during the measurement itself. 

The directional coupler must usually have a high output ratio, 
otherwise it will introduce attenuation between the sources and 
the receiver. 
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(5.3) Double-Pole Change-Over Receiver 


The arrangement of Fig. 11, using for example the swite 
Fig. 6(5), at first sight gives only a slight advantage over 
simple switch, in that the random noise level of the differ 
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Fig. 11.—Comparison of noise powers using a double-pole 
double-throw switch. 


output is 14dB down on that of a single receiver. Howeve 
the two pre-amplifiers 1 and 2 have identical input cha 
teristics, the inclusion of an extra quarter wavelength of Im 
one amplifier input reverses the effect of a small mismatct 
that amplifier, so that, as the amplifiers are connected alteriz 
to each noise source, the effect on the switch-frequency < 
ponent of the output is the same ineach. The output is obta 
from the difference in outputs, so that a first-order cancelia 
of the effect of impedance changes is possible. 


(6) CONCLUSIONS 


The uses which have been made of these circuits in * 
astronomy may be summarized as follows: 

The series change-over switch of Section 2.2 and the 
half-wave switch of Section 2.4 have been widely used at 
lower frequencies and where it is not essential to reduce 
to a minimum. 

The corresponding stub switches of Section 2.3 and 3.1 
be used where low loss is important, and especially at 
frequencies. 

Hybrid rings have been used for splitting the signal fror 
aerial between two receivers when it is required to isolate 
receivers from one another. For example, an aerial ma: 
connected to a receiver which is measuring the total pe 
received, and at the same time to another receiver which <« 
bines the signal with that from another aerial, formins 
interferometer system. 

Hybrid rings, and the related directional couplers, have 
used in measurements of small noise powers in which 
essential to compare the impedances of two sources of i 
power. For example, the noise power from an aerial rece 
cosmic radio noise can be compared with the power fre 
heated resistor. This has been accomplished by using 
circuit arrangements of Section 5. 
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SUMMARY 


of design requirements are discussed for a coaxial connector 
mn for precision r.f. impedance and admittance standards, bridges 
‘measuring instruments of all types for frequencies up to 4 Ge/s. 
a} description is given of a practical connector system which has 
ke use for many years at a Ministry of Aviation laboratory. The 
ck n is such that the connector system does not introduce uncer- 
te es greater than about 3 parts in 104 in the admittance parameter. 
/¢ residual parameters of the connector system, including the 
g: -circuit and short-circuit conditions, are described and evaluated. 
relating to the discontinuity capacitances encountered in a 
ical measuring system are also given, together with formulae 
the precise transformation of admittance between two planes in 
em coaxial line. 
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LIST OF SYMBOLS 
6 = Radii of inner and outer conductors of a coaxial line, 


eS 


cm. 
=| c = Displacement of the axis of a coaxial line due to 
| eccentricity. 
= B = wv, rad/cm. 
=! C = Total static capacitance of a coaxial line. 


r= Effective total capacitance of a coaxial line 
=(C tan p1)/Ci. 
. D = Discontinuity capacitance of a coaxial line with a 
discontinuous inner conductor. 
G, = Discontinuity capacitance between coaxial lines of 
different characteristic impedances. 
[c= = Terminal fringe capacitance. 
C; = Component of Y;. 
C. = Component of Ve 
\C = Cp — CG. 
C, = Terminal capacitance of an immittance meter. 
e€ = Permittivity. 
€ = Base of Naperian logarithms. 
’ f = Frequency. 
G, = Radiation conductance at open end of a coaxial line. 
~ G; = Component of Y;. 
'G, = = Component of Y,. 
a = Length, cm. 
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He = Limiting value of inductance of coaxial line at zero skin 
a, depth. 

pepe Inductance of a coaxial line (finite skin depth) 
aA 


Be rerminal resistance of an immittance meter. 

p= Resistivity, ohm-cm. 

T° = Velocity of electromagnetic waves in air at 20°C, 
760mm Hg and 50% r.h. = 2-9970 x 10!° cm/s 

ws (i.e. the limiting velocity in a coaxial system when 

the skin depth is zero). 

” = Velocity of propagation in a coaxial system at 20° C, 

760 mm Hg and 50% r.h. and for finite skin depth 

=v,,/(1 + €). 


—— 
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| A COAXIAL CONNECTOR SYSTEM FOR PRECISION R.F. MEASURING 
AL: INSTRUMENTS AND STANDARDS 


By D. WOODS, Associate Member. 
(The paper was first received 16th October, 1959, in revised form 2nd September, and in final form 15th November, 1960.) 


w = 2nf. 
Y; = G; + jwC; = Input admittance of coaxial line ter- 
minated by Y,. 
m = Admittance measured by bridge and uncorrected for 
Cp. 
Y, = Terminating admittance of coaxial line = G, + jwC,. 
Z, = Characteristic impedance of the connector line. 
Zr = Impedance of short-circuit = Ry + jwL,. 
Zo = Limiting value of characteristic impedance for zero 
skin depth. 
Z = Characteristic impedance of a coaxial line (finite skin 
depth) = Z,.(1 + 9. 
1 + ¢ = Reciprocal velocity factor = v,,/v. 


(1) INTRODUCTION 


When the design of a precision dual admittance bridge! was 
under review it was apparent that plugs and sockets in current 
use would be unsuitable for precise measurements owing to, 
first, the discontinuities they produce, and secondly, the inherent 
uncertainty in the position of the plane of cleavage between 
mating connectors. The existence of numerous types of plug 
and socket also leads to difficulty and inconvenience in the 
design of adaptors to connect one system to another. The 
almost universal use of male and female terminations is a further 
disadvantage when two plugs or two sockets have to be con- 
nected together. This is usually accomplished by means of a 
length of flexible coaxial cable fitted with terminations of the 
same type. The characteristics of flexible cables are not suffi- 
ciently stable to allow their use in a precision measuring system 
where immittance* is required to be known to better than a 
few per cent. In addition, single-screened types usually leak 
and the connection of the cable to its terminations introduces 
large discontinuities. 

The requirements, therefore, demanded a connector system 
of new design such that the effect of a discontinuity at a junction 
was either negligible or calculable to the required precision in 
comparison with the overall accuracy required, namely about 
0-1%. It was decided to make the system as universal as 
possible and suitable for r.f. measuring instruments of all 
types and for all frequencies up to 4Gc/s, which is the highest 
frequency at which coaxial systems are normally used. The 
hermaphrodite principle was adopted as far as possible in order 
to achieve maximum flexibility in use. 


(2) GENERAL DESCRIPTION 
The system comprises the following four types of termination: 


Use 


Immittance standards. 

Bl Immittance meters. 

All other types of measuring instruments. 

Simplified version of Al for use where immittance is not 
a major parameter. 


* Immittance is used to convey the general idea of impedance or admittance. 
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The design is such that the following types can be directly 
connected together: B2-B1, BI-Al, Al—-Al, A1l-A2. The need 
for other combinations does not normally arise. 

In addition, there is a coaxial air-spaced connector line fitted 
with an Al termination at each end which performs the functions 
of flexible coaxial cables in conventional measuring systems; it 
can also be used to connect together terminations of the following 
types when this is required for a special purpose: BI-A2, A2-A2. 

Outline drawings of the connectors, with principle dimensions, 
are shown in Fig. 1. It will be seen that the inside diameter of 


3 DOWEL SCREWS 


3 HOLES 
TAPPED 6BA. 


iYPE ot TYPE B2 
DOWEL 3 HOLES 3 HOLES 
3 TAPPED 6BA. TAPPED 6BA. 


SCREWS 


=s fe 
FAW To suit Zo KN 
WY TO SUIT Ze 


TYRE) Al TYPE A2 


4BA 


= lal 


== 


DOUBLE ENDED PLUG 
(FOR AI-Al OR Al -A2 
JUNCTION) 


SINGLE ENDED PLUG 
(FOR BI-Al JUNCTION) 


CONNECTOR FLANGE 
JOINT 


CIRCLIP 


HEXAGONAL DOWEL 


CONNECTOR LINE 


Fig. 1.—General design of connectors. 


the outer conductor has been standardized at 0:750in while 
the outer diameter of the inner conductor is made to suit the 
characteristic impedance required, except in the case of the 
B1 and B2 connectors where the inner conductor is standardized 
at 0:500in diameter. The reasons for this choice are explained 
later. The outer conductors always form butt flange joints and 
are bolted together by three captive dowel screws. These screws 
are not shown fitted to the connectors, but a detail is given of 
the method of assembly in Fig. 1. The design allows initial 
finger tightening by means of the knurled head whilst final 
clamping is effected by a screwdriver or, if the instrument has 
a large front panel, by a spanner. 

The inner conductors of a B2-Bl1 junction screw together 
directly. The immittance standards, which carry a B2 con- 
nector, embody a replica of a B1 connector at the remote ends 
so that a number of standards can be connected in series, as 
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explained in Reference 1. The inner conductors of a B 
junction are joined by means of the single-ended plug, wh 
an Al-Al or Al-A2 junction utilizes the double-ended 
In all cases the plane of cleavage is precisely defined by the o 
conductor flange ioint. When there is a change in characte 
impedance at a junction there will be a step in the inner 
ductor diameter at the plane of cleavage. The effect of 
step is to introduce a discontinuity capacitance which is 
culable and readily allowed for. A curve is referred 1 
Section 4.5 which enables the discontinuity capacitance i 
air-spaced line to be read off directly. It is important that 
lines are air-spaced for a minimum distance equal to the diffe: 
between the coaxial conductor diameters, otherwise corre¢ 
for the proximity effect of the dielectric supports would have 
made. The supports are not considered a part of the conm 
system. This gives the instrument designer complete free 
to minimize the discontinuity effect of the supports + 
acceptable degree for the application in hand. 

The coaxial connector line is air-spaced throughout its le 
the inner conductor being supported by the mating conn 
at each end. Immittance transformations through the lines 
therefore be made with high precision. 


(3) USE OF THE SYSTEM 


The system is intended primarily for use with standares 
precision laboratory instruments of all types in which immi‘ 
is a major parameter, e.g. immittance standards, immii 
meters, wattmeters, insertion-loss meters, dissipative attenua 
directional couplers, resistive terminations, etc. The immys% 
characteristics of all these devices have to be referred bag! 
the immittance meter and standards to length and time mea 
ments. This means that a large number of intercompar 
have to be made, which emphasizes the fact that the u: 
tainties introduced by the connector system must be : 
compared with the ultimate precision needed in determ 
the immittance/frequency characteristics of the devices. 
example of this is given in Fig. 2, which shows the various § 
of admittance measurement necessary to design and caliber 
particular type of multi-range dissipative wattmeter. — 
admittance bridge is first calibrated by means of the suscept 
standards, which are referred to length and time measurem 
This process has already been described.! The next stage i 
evolution of a satisfactory wide-band resistor-mount desigr 
theory for which has to be verified by means of the admit 
bridge. Such a design, employing a tractorial resistor ja 
has been described by Harris. This design is then used fo 
dissipative element of the milliwattmeter (basic range). 
voltage-measuring element of this instrument naturally 2 
the admittance characteristic, so that a compensating net 
has to be employed. This means that the overall admit? 
characteristic has to be verified by means of the admit 
bridge. The voltage calibration of the instrument is eff 
in terms of the standard cell in two stages in the manner sh 
The milliwattmeter (basic range) is made into a multi-a 
wattmeter by means of either dissipative attenuators or ¢ 
tional couplers. The design of these instruments require 
theory of resistor-mount design and confirmatory admiti 
measurements. In addition, the final calibrations are eff 
by means of the insertion-loss meter. This instrument 
requires similar design information and calibration faciliti 
order to ensure that the matched source and load, bet 
which the unknown is inserted, have acceptable admittance 
quency characteristics. The piston attenuator embodied th 
is also standardized in terms of length measurements, i.e. 
diameter and axial displacement. 
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ue (4) IMMITTANCE METER TERMINAL TYPE B1 


(4.1) General Design Considerations 


t any given frequency it is necessary, for practical reasons, 
ploy both an impedance and an admittance bridge to cover 
omplete range of immittance encountered in practice. The 
fier measures from substantially zero impedance up to some 
e-mediate value, and the latter from substantially zero 
ittance up to an intermediate value which will be the 
Srocal of the other. The actual value which represents this 
ion between the ranges of measurement of the two types 
idge is discussed in Section 4.2. 

s logical that a standardized design of terminal should be 
{for both types of bridge because this will enable a common 
immittance standards to be used, as well as a standardized 
of mating fitting for measurement purposes generally. 


t > is no doubt that bridge terminals should be of this type. 
‘two principles having been accepted, the other design 
Ors can now be discussed. 


ges is of the order of 0-1%. This means that the design 
terminals must be such that, when the standards are con- 
for measurement, the calculated values are not changed 
ore than a few parts in 10+. 

A the case of the impedance bridge, which requires the 


short-circuit must define the plane of measurement to within 
4, or two thousandths of an inch. In contrast, the admittance 
Ige requires the terminals to be open-circuited for initial 
imce. In order that the plane of measurement shall be the 

for both types of bridge, the fringe capacitance of the 
. terminals must be determinable to an equivalent 
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order of precision, namely two or three thousandths of a 
picofarad. 

Furthermore, when mating connectors are attached, having a 
value of characteristic impedance different from the bridge 
terminals, the discontinuity capacitance thus arising must also 
be calculable to the same order of precision as the fringe 
capacitance. 

One further consideration is based on the desirability of 
adopting a design which will be suitable for the complete fre- 
quency range for which coaxial systems are normally used, i.e. 
up to about 4 Gc/s. This requirement places a maximum limit 
on the diameter of the outer conductor for a given value of 
characteristic impedance. The critical wavelength for the H,, 
mode is approximately equal to the mean circumference of the 
inner and outer conductors multiplied by the square root of the 
relative permittivity of the dielectric. A suitable diameter for 
the outer conductor is 0:75in, which makes the critical fre- 
quency higher than 4 Gc/s for the lowest impedance normally ~ 
encountered. 

The simplest form of terminal which satisfies all the above 
requirements is a ‘sawn-off’ air-dielectric line with the outer 
conductor terminated in a circular earth plane. This is illus- 
trated in Fig. 1, type Bl. The outer conductor carries three 
tapped holes and the inner conductor a single tapped hole for 
attaching the mating fittings. The general form of the terminal 
and the outer diameter having been decided, the question of the 
optimum value of the characteristic impedance has still to be 
settled. 


(4.2) Characteristic Impedance 


The approximate range of measurement of precision impedance 
and admittance bridges is shown in Fig. 3. The value of 
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Fig. 3.—Range of measurement of impedance and admittance 
bridges. 


impedance which forms the division between the two types of 
bridge is 30 ohms, i.e. the square root of one e.m.u. of inductance 
divided by one e.s.u. of capacitance.4 This corresponds to a 
diameter ratio of +/é, i.e. 1-65. 

When the precision dual admittance bridge! was being 
designed in 1947 it was apparent that the characteristic impe- 
dance of the coaxial standards, having the same dimensions as 
the bridge terminals, should not be higher than about 30 ohms, 
otherwise they would be excessively long for the required 
capacitance from both electrical and mechanical considerations. 
A low impedance favours good mechanical rigidity—a necessary 
condition because the standards were designed to be used 
horizontally and self-supporting on the terminals. Too low a 
value, however, would give rise to a mechanical problem of 
concentricity. Because the terminal impedance is not very 
critical, a choice was made in favour of a round figure for 
terminal diameter ratio rather than a round figure for impedance. 
The actual diameters adopted were 0:7500in and 0-5000 in, 
giving a diameter ratio of 1-5000 and a limiting value of 
characteristic impedance of 24-30 ohms at the higher frequencies 
where the skin depth is negligibly small. 

It is important that the dielectric is air for a minimum distance 
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of about 0:25in from the end of the terminals in order that any 
higher modes excited by a discontinuity capacitance in the plane 
of measurement shall be sufficiently attenuated in the air- 
dielectric portion. If this were not the case, the discontinuity 
capacitances could not be calculated with sufficient accuracy. 


(4.3) Fringe Capacitance 


It has already been mentioned that, for an admittance bridge, 
the terminals are open-circuited at initial balance. This means 
that a correction must be applied for the fringe capacitance 
because this disappears when the unknown is attached for 
measurement. The approximate shape of the fringe field is 
shown in Fig. 4, from which it will be seen that it is mainly 
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Fig. 4.—Terminal fringe capacitance field. 


concentrated across the annular gap. The change in the fringe 
capacitance has been measured for different diameters of the 
earth plane. It was found that between diameters of 1-00-1-44in 
the change was less than 0-002 pF, thus proving that a negligible 
number of lines of force extend to the edge of the earth plane. 
On the axis of the terminals the field also diminishes rapidly 
and is negligibly small at a distance of about 1 in from the 
terminal face. 

The fringe capacitance has been determined by three methods, 
which will now be described. In a paper by Whinnery, Jamieson 
and Robbins° curves are given from which the discontinuity 
capacitance can be computed in a coaxial line with a discon- 
tinuous inner conductor [Figs. 7(d) and 11; also Figs. 7(a) and 8 
in the Reference]. This condition can be reproduced at the B1 
terminals by connecting to the outer conductor a cylinder of the 
same internal diameter. In practice the outer electrode of a 
standard coaxial capacitor is used. The change in capacitance 
caused by this connection will therefore be a measure of the 
transition from one state to the other. If the discontinuity 
capacitance for a discontinuous inner conductor is Cp and the 
measured change is AC, the terminal fringe capacitance C= 
Cp — AC. The value of Cp obtained from the curves is 
0-407 + 0-007 pF, and the measured value of AC was 
0-066 + 0-001 pF, giving Cy = 0-341 + 0-008 pF. 

The second method is by direct calculation employing a 
formula given in Reference 6. This formula, arranged in a 
form suitable for the case under consideration, is 


__ 0-133 7(a + b) 


C, 
fe logipb/a 


[E(x) — 1] picofarads . (1) 
where a and b are in centimetres and E(x) is the complete elliptic 
integral of the second kind in which the argument is given by 


_ 2bJa)'! 
4k Meee 


This formula gives a value of 0-345 pF for Cr 


(x) 
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In the third method the fringe capacitance is meag 
directly by means of a A/4 short-circuited line. Such a 
presents zero susceptance to the terminals, and the diff 
between the bridge readings, with and without the line, is ¢ 
to Cr. The experiment was carried out at 200 Mc/s using a 
constructed from silver tubes of better than 99-97% purity 
having the same dimensions as the terminals. The length of 
line was 37:436 + 0-001 cm at 17° C and was based on ac 
puted velocity in the line of 2-99485 x. 10!°cm/s at 17°C 
30% r.h., the conditions obtaining at the time of the experim 
This velocity is appreciably less than the velocity? in va 
i.e. 2:99793 x 10!°cm/s, owing to the permittivity of air 
skin effect. The two correction factors are 0-999 70 
0:99927. The value of C;, obtained by this method 
0:3444 + 0:0034pF. Precautions were taken to ensure 
the d.c. conductivity of silver was applicable at 200Mc} 
also measuring the conductance of the short-circuited line. 
value obtained was 51 +3 micromhos, compared wi 
theoretical conductance of 48:8 micromhos. Any signii 
difference in this respect would affect the accuracy of the ve: 
correction factor due to skin effect. Allowance was also + 
for the finite inductance and resistance of the brass = 
circuiting unit, 0-38 pH and 0:48 milliohm respectively. 

An estimation of the inaccuracy on C; is difficult because 
formulae from which the curves of Reference 5 were pres: 
are not suitable for direct computation. The value of 0:4) 
for Cp was obtained by taking the mean of the two values 3 
by curves 8 and 11, there being a difference of 0-014pF bev 
the two results. It is probable that the second and third mei 
are more accurate, but until further corroborative evid 
becomes available the following value has been adopted: “¢ 


Cp=0-343pF +1% . 2 


At extremely high frequencies C; will increase as the dimens 
of the terminals become comparable with the wavelength. ! 
for calculating the magnitude of this effect for the case wi 
consideration are not given in Reference 5, but for the sp 
cases considered in Fig. 13(a) of the Reference it appears 
the change in Cyat 4 Gc/s is not likely to exceed about By) | 


+) 


bf 

(4.4) The Short-Circuiting Unit } 
The design of the short-circuiting unit is shown in Fy 
The short-circuiting element consists of a metal diapht 
approximately 0-0lin thick. This allows a small amour 
flexing should the two surfaces not be quite coplanar and 
ensures a sound electrical contact and prevents any wW 
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Fig. 5.—Details of short-circuiting unit. 
A Diaphragm. 
B Locating washer soldered to diaphragm. 
C Cupped clamping screw. 
D One of three screws. 
E Clamping ring. 
F Terminal inner, 
G Terminal outer. 


#being placed on the terminals. Apart from being required 
wie initial balance condition of an impedance bridge, it is 
sed as a short-circuit for the coaxial standards to provide 
seve susceptance standards for the admittance bridge (or 
sve reactance standards for an impedance bridge). 
} short-circuiting annulus will have a finite impedance, but 

| sufficiently small to be ignored for most applications. 
giertain types of measurement it is, however, just significant. 
I : qula for calculating the impedance is given by Schelkunoff.8 
80 subscript f to denote the parameters of the annulus, 


i MLSE LOU S ) ae nena wan (9) 
hy fore Ly = Rew ae ee eee (5) 
fh Rp = 0-728 x 10~4(fp)"? logy bfa ohms... (6) 
j ling in cycles per second. 


“vical values for Rrand Lat 200 Mc/s, for a diameter ratio 
f 300, are given in the previous Section. It should be noted 
a he reactance of the skin is always equal to the resistance, 
«¢ dition which holds in any system in which the skin depth 
sill. 


ix 


(4.5) Discontinuity Capacitance 


‘en measurements are made on a system having a charac- 
#c impedance different from the bridge terminals, this will 
ivcise to a discontinuity which can be represented as a 
sjitance concentrated in the plane of cleavage. The capaci- 
m can be derived from data given in Reference 5. It is 
led in Reference 1 for mating connectors of characteristic 
ajlances up to 120 ohms. At extremely high frequencies 
{i apacitance will increase as the terminal dimensions become 
arable with the wavelength. At a given frequency the 
siatage increase in C, will be greater for the higher values 
. From Fig. 13(a) of Reference 5 it is estimated that at 
(3 the increase in C; when Z, = 50 ohms will be less than 1%. 
‘practice it is sometimes necessary to use a cone connector 
een the device being measured and the bridge terminals. 
fh instances the outer diameter of the cone at the bridge 
mals is made 0-750in. Further information on cone 
aicteristics and techniques is given in Reference 1. By 

yying the standardized design of connectors described 
Mis paper the use of cones is avoided in the design, 
Zardization and calibration of precision laboratory instru- 
e. ’ When these instruments are subsequently used to cali- 
ai general-purpose measuring instruments of lower accuracy 
ise of cones or adaptors is inevitable owing to the con- 
sf yal types of plug and socket employed on this class of 
§ment. This situation will obtain until the designers of 
“1 al-purpose instruments introduce a properly engineered 
ctor of standardized design. 


(4.6) Terminal Resistance 


\ 

| 

1 

ie series resistance of the terminals is balanced out at initial 
‘ce with an impedance bridge and therefore does not give 
80 errors when the unknown is measured in terms of a 
ice difference. For the admittance bridge, however, the 
inal resistance, if sufficiently large, will give rise to an 
1 in the conductance measurement when the unknown sus- 
/nce is large. The form of the error term due to this cause 
'C2R,. The resistance of a coaxial conductor in which the 


i epth is small is given by Russell!°: 


Rede enm(s + _) ohnis/crageoes), oo (7) 


ls f is in-cycles per second and a, b, and / are in centimetres. 


i. 
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The terminals of the dual admittance bridge described in 
Reference 1 were made sufficiently short for the resistance to be 
negligibly small for most conditions. This factor also had 
considerable bearing on the type B1 terminal design. 


(4.7) Radiation Conductance 


Because the terminals are initially open-circuited for the 
admittance bridge, an error can be caused in the conductance 
measurement if there is any significant radiation. A formula 
for calculating the radiation conductance of an open-ended 
coaxial line is given in Reference 7, which, rearranged in a more 
convenient form, is 


2 
Gp Or 252 Ei 2(b2 — eyflosi | micromhos (8) 


where fis in gigacycles per second and a and b are in centimetres. 

The radiation conductance of the type B1 terminal is less than 
1 micromho for frequencies below 830Mc/s and is therefore 
negligible. At frequencies of several gigacycles per second the 
radiation conductance is significant and a correction would be 
necessary for any admittance measuring instrument operating 
in this range. 

In this respect it is worth remembering that the standing-wave 
meter is really an immittance measuring instrument because it 
gives its optimum performance at that value which forms the 
division between the ranges which are most suited to impedance 
and admittance measurement (Fig. 3). Also, it has equal ranges 
of measurement into both the impedance and admittance regions. 
This means that its plane of measurement can be referred to 
either a short-circuit or an open-circuit. In practice it is more 
convenient to use the former method because it is more perfect 
in that the electrical and mechanical planes are coincident when 
the skin depth in the short-circuit is negligibly small. Apart 
from this it also eliminates any error due to radiation conductance. 

It will be realized that the radiation conductance is the real 
portion of the admittance existing at the end of an open-circuited 
coaxial line and that the fringe susceptance forms the imaginary 
part of this admittance. 


(4.8) Major Parameters 


The major parameters of the terminals are the inductance and 
capacitance. Individually they give rise to the largest terminal 
corrections for admittance and impedance bridges respectively. 
For a diameter ratio of 1-500 the inductance is 811 pH/cm for 
an infinitely small skin depth and the capacitance is 1-373 pF/cm. 
The effect of finite current penetration at relatively low fre- 
quencies is to increase the inductance. The capacitance, how- 
ever, is unchanged because the electric field does not penetrate 
the metallic surface to a significant degree. The fractional 
increase in inductance due to this cause can be obtained from a 


formula given by Russell!!: 
( x 10° Ae: 92) 
4n2f Game. 


4-605 logo bla 


where f is in cycles per second and a and b are in centimetres. 
To obtain the true inductance of the terminals the limiting 
value of 811 pH/cm must be multiplied by (1 + )?. The cor- 
rection is negligibly small at frequencies above about 200 Mc/s. 
This correction is defined as the square of (1 + %) because 
(1 + © is more frequently used as the correction on the limiting 
value of characteristic impedance and 1/(1 + Q) as the velocity 
correction factor due to skin effect for coaxial-line transforma- 
tions. These corrections are considered in more detail in 


Section 8. 


(iO) late (9) 
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Although the major parameters of the terminals can be 
accurately calculated, this is not the case for the length of the 
terminals because the effective point of connection with the 
bridge-circuit elements is usually indefinite. This means that 
the total inductance and capacitance of the terminals must be 
measured. A method for doing this for an admittance bridge is 
described in Reference 13. 


(5) IMMITANCE STANDARDS CONNECTOR TYPE B2 


The method of assembly of a standard capacitor on the bridge 
terminals is shown in Fig. 6. It will be seen that the effective 
diameters of the standard are the same as the terminals; also, 
the remote end of the standard is a replica of the terminals. By 
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Fig. 6.—Standard capacitor attached to type B1 terminal. 

this means two or more standards, having their lengths arranged 
in geometrical progression, can be joined in series to provide 
intermediate values. Because the fringe capacitance at the 
remote end is the same as that at the bridge terminals the change 
in capacitance is that due to a straight radial field and is therefore 
capable of precise calculation. The dimensions chosen are such 
that an appreciable degree of eccentricity can be tolerated with- 
out causing a significant change in capacitance. The capacitance 
of two cylinders of radii a and } and length / contained one within 
the other and with their axes parallel but displaced by a distance 
c is given by Russell!?: 


él 
~ 2 cosh7! A Oy 
where A = (b? + a* — c*)/2ab 
and cosh~! 4 = log, [A + »/(4? — 1)]. 


The fractional change in capacitance due to this cause is 
shown in Fig. 7, from which it will be seen that an eccentricity of 
0-003 1in gives rise to a change of only 3 parts in 10*. This 
degree of eccentricity can readily be achieved without resort to 
elaborate spigots and the like. With this design it has been 
found that the capacitance can be calculated to within 0:1% 
and that the constancy of the values of the standards is not 
worse than 0:03 % over a period of years. The electrical charac- 
teristics of the standards are described in greater detail else- 
where.!> }3 


(6) GENERAL-PURPOSE CONNECTOR TYPE Al 


This connector is used for all types of instrument, other than 
immittance meters, in which immittance is a major parameter. 
The diameter of the inner conductor is made to suit the required 
value of characteristic impedance, usually 50 or 75 ohms. The 
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former value is preferred because the mechanical design pro 
for extremely-wide-band instruments are much simpler o1 
to the larger diameter of the inner conductor. Furthermor 
it a relatively simple matter to change the impedance to 75. 
by means of an impedance convertor comprising a series 
25-ohm cylindrical film-resistor surrounded by a tractorial jac 
designed in accordance with Reference 2, and fitted with 
nectors of 75 and 50 ohms characteristic impedance at the 
Such a convertor has a uniform frequency response from ; 
to several gigacycles per second. The conversion of a 75-< 
basic system to 50 chms is not so easy as it requires a s] 
resistor of 150 ohms embodying a T-junction. The design 
150-ohm coaxial resistor mount is far from optimum owin 
the large diameter ratio (12:3 : 1). This fact, coupled with 
limitations imposed by the T-junction, restricts the frequs 
response to a much lower value than that which can be achié 
with the simple series arrangement. 
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Fig. 7.—Fractional change in capacitance due to eccentricity bett 
electrodes of coaxial capacitance standard. 
_ Slogio [4 + V(42 — 1)] 
£ { logio b/a i} Set 
= (@ + b2 — c2)/2ab 


where 4 


As previously pointed out, the dielectric support for the it 
conductor must be situated from the flange face at a minin 
distance equal to the difference between the diameters of 
inner and outer conductors. Considerable care must be fa 
in the design of these supports in order that they are reflect 
less over the complete frequency range of the instrument. 
is best accomplished by undercutting the inner and outer ¢ 
ductors to a degree such that the inductance introduced fol 
with the two capacitances produced in the planes of the dielee 


ort surfaces, a m-section of substantially the same charac- 
de impedance as the line.'4!5 The double undercutting 


ensures a satisfactory means of axially locating the inner 
uctor relative to the outer, 
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will disappear and will be replaced by the discontinuity capaci- 
tance Cy. The admittance Y; of the unknown, at the input to 
the connector line, in terms of the measured admittance iy 
will then be 


bajae critical frequencies for the H,; mode for a 50-ohm con- 
mor are i and 5 Ge/s for dielectric permittivities of 1-0 and 
gisespectively. It should be remembered that it is the dielectric 
sorts which first excite the higher unwanted mode. 


G, + joC; = G,, + jo(C,, + Ce — Cy) (11) 
For a short silver connector line the resistance can usually be 
ignored in the transformation of Y; through the line to obtain 
Y,. For example, at 200 Mc/s and for a 6in connector line of 
24-3 ohms characteristic impedance the errors arising through 
neglecting the resistance for an admittance of approximately 
13-3 + 13-3 millimhos is not greater than 0:04% on the con- 
ductance and 0-14°% (0-015 pF) on the capacitance. In certain 
cases, however, the resistance may be significant, particularly at 
the higher frequencies. The resistance of silver lines of various 
characteristic impedances [eqn. (7)] is given in Fig. 9. 
At frequencies below about 200Mc/s the skin depth in the 


(7) SIMPLIFIED CONNECTOR TYPE A2 


© certain types of instrument with input and output terminals, 
hich the power flow is in one direction only, the immittance 
gacteristic at the output terminal is of no consequence and 
ti fore does not need to be measured. Such a device could 
Hn attenuator or the impedance convertor referred to in 
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i : Fig. 8.—Practical measuring system using the connector line. 


aie type A2 connector was introduced for this purpose. It is 
amplified version of Al with the outer conductor formed 
1 with the face of the instrument and, in consequence, is 
ah shorter and less expensive. It connects directly to Al 


connector line is significant and must be taken into account 
when precise measurements are being undertaken. The effect 
of finite current penetration is to increase the inductance of the 
line because the effective diameters of the outer and inner con- 


will not mate with B1. However, it can be converted to ductors are increased and decreased respectively. This also 
#)xy means of the connector line described in the next Section, 
ald this condition be needed for a special purpose. 
| 0-02 TT oa c 
i 0-01 | = aoe 
(8) CONNECTOR LINE SEtene a : 
he connector line is constructed from special silver-lined and Z.=75. OHMS, [ 
® r-overlay precision-drawn tubes. The silver coverings are HH 72 an 
Li || 
licable in the calculation of skin depth up to the highest 


i purity and surface finish that the d.c. conductivity is 


es Seer : re 50 mae FF 
24°3| | 
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4000 


a the inner conductor is supported by the mating connectors. 
‘special design feature of complete freedom from discon- 

ities is a necessary condition to allow precise admittance 
tisformation through the line. The length of the line and the 
tneter of the inner conductor are chosen to suit the require- 
1 its. The only features which are standardized are the outer 
fe and the connectors. 
i 


fiuencies. It is fitted with a type Al connector at each end 
‘ 
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Fig. 9.—Resistances of silver coaxial connector lines of various 
'. is used where physical separation is necessary between two characteristic impedances having an outer diameter of 0-750in. 
Ttuments and also to obtain accurate admittance trans- 
nations. In the latter application it is useful in standardizing 
ges when the line is used as a A/4 transformer. A further 
/ is mentioned at the end of Section 7. 

S an example of the use of the connector line consider it 
‘rposed between an unknown admittance, Y,, and the type 
terminals of an admittance bridge (Fig. 8). At initial balance 
) bridge terminals will be loaded with the fringe capacitance 
When the unknown admittance, with the connector line 
: iched, is connected for measurement, the fringe capacitance 


affects the velocity of propagation and the characteristic impe- 
dance but not the capacitance. If the inductance is increased 
by a factor (1 + 2? [eqn. (9)], the characteristic impedance will 
be increased by the factor (1 + 2) and the velocity reduced by 
1/1 + ©. If the limiting values of the parameters at very high 
frequencies, where the skin depth is substantially zero, are 
denoted by subscript oo, then 


Ly. = 4605:2/ logo b/a picohenrys (12) 
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or Ly PSC (13) 
Ze = 138-02 logio b/a ohms (14) 
or Zoey = IoC (15) 
where / = length of the line in centimetres 
C = 0-241 76l/log,) b/a picofarads . (16) 
and Vey = 2°9970 x 10!%cm/s (17) 


The values at lower frequencies where the skin depth is small 
but significant are therefore given by 


Y = Vof(1 + 6) (18) 
L= 11 + ¢ (19) 
Z=Z,(1 + $) (20) 
or lb = NIKE (21) 


The values of the constants in eqns. (14), (16) and (17) are 
based on an air dielectric at 20° C, 760 mm Hg and 50% r.h. 
They are not affected by more than one part in 104 for other 
values of humidity between zero and 100%. It should be noted 
that the line is defined by the capacitance, the velocity and the 
length. It has been found most convenient to calculate the 
capacitance using eqn. (16) and then to derive the characteristic 
impedance from eqn. (21) using eqns. (17) and (18). The value 
of ¢ for silver lines having an outer diameter of 0-750in and 
various characteristic impedances is given in Fig. 10. (1 + 9 
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Fig. 10.—Reciprocal velocity factors (1 + ¢) for silver coaxial lines 
of various characteristic impedances having an outer diameter of 
0-750in. 


is called the ‘reciprocal velocity factor’ and this is all that is 
needed to obtain the true velocities, inductances and charac- 
teristic impedances from the limiting values at substantially zero 
skin depth. 

In order to calculate the unknown admittance, Y,, in terms of 
the input admittance, Y;, and the line parameters it is necessary 
to use the transmission-line equation because a circle diagram is 
not accurate enough for precise measurements. In order to 
simplify this process and avoid the use of complex functions the 
following formulae have been developed. These are quite 
simple to use because all the terms are dimensionless; they 
merely multiply the known conductance and effective line 
capacitance C’ by factors to give the unknown conductance and 
capacitance. 


G,(1 + tan? B/) 


Or ad aa ade a (22) 
@ + ai tan? BI) + G?Z2 tan? BI 
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C; 24 ¢ Ply 7 
(1 + Gtan Bt) + G?Z2 tan? Bl 


r 


where v is given by eqn. (18), Z, is given by eqn. (21), C 
(C tan Bl)/Bl, where C is the total static capacitance of 
connector line as given by eqn. (16), and / = length of 
connector line in centimetres. } 

No approximations have been made in the derivation of th 
formulae from the transmission-line equation except the assur 
tion that the series resistance and shunt conductance of 
connector line are negligibly small. 

In certain instances it may be necessary to express Y; in te 
of Y,. When this is so the following formulae are applicable 


G,(1 + tan? B/) 
G; saat C 2 i 
¢ — a tan? pr) + G2Z2 tan? Bl . 


el@ +1)(1- & tan? Br) a az2| 
ts (1 ~ 2 tan? i) + G2Z2 tan? Bl a 


The above two pairs of formulae can, of course, be used 
transform the admittance from one plane to any other plai 
a uniform coaxial system, but care must be taken to choose 
right pair. Eqns. (22) and (23) are applicable when tra 
forming in the same direction as the known admittance 
seen, and eqns (24) and (25) are used when transforming in 
opposite direction to which the known admittance Y, is seea 


(9) CONCLUSIONS 


A description has been given of a practical coaxial conne¢ 
system for use up to 4 Gc/s with precision r.f. measuring inst 
ments. Such a system is essential when immittance is a ma 
circuit parameter. The errors arising in the measurement 
other quantities such as voltage, power, insertion loss, etc., 
to uncertainties in the immittance of a system based on 
design described would be insignificant, bearing in mind 
state of the art in the measurement of these quantities. 

The system has been in frequent use at a Ministry of Aviat 
laboratory for many years and has proved satisfactory in eV 
way. It has also been adopted, or is being considered by 
number of national standards laboratories. 

Reference has been made to the poor design of coaxial ¢ 
nectors frequently used on general-purpose measuring ins! 
ments. Although one or two manufacturers have apprecia 
the importance of this aspect and introduced special connect 
to minimize the discontinuity effect and eliminate the need 
male and female plugs and sockets, it is considered that 
situation is still far from satisfactory. The standardization 
connector design, employing the hermaphrodite principle, 
this class of instrument is still a pressing requirement. Its im 
mentation would constitute a very great step forward in 
standardization of r.f. measuring instruments. There is 
reason why such a connector system should not be made et 
patible with the precision connector so as to avoid the need 
cones, adaptors or any other interconnecting media. 1 
would not only lead to considerable improvement in accut 
in the calibration of general-purpose instruments aga 
precision laboratory instruments, but would also save time 
frustration by avoiding the need to design adaptors to meet 
requirements of each particular case. 

The advantages of employing a low value of character 


i 


; dance for coaxial measuring instruments have been pointed 
6 in Section 6. The obvious choice is 50 ohms. In this 
m 2ct considerable advantage would accrue if this value was 
4) standardized. 

/aroughout the paper reference is made to admittance and 
sedance bridges. Although a suitable circuit and mechanical 
iim for a precision admittance bridge! have been found, the 
Gisite is the case for the impedance bridge. Impedance 
Gge circuits either require elements in series or a variable 
ni tor in one of the arms. Either of these conditions rules out 
Woossibility of achieving a precision bridge at several hundred 
fyacycles per second. No doubt the problem will be solved 
8) tually by employing a new technique or a new bridge circuit. 
jae meantime the admittance bridge will satisfy all require- 
ts for precision measurements in relation to 50- and 75-ohm 
@ ial systems for voltage standing wave ratios down to 0:4 
- an uncertainty of 0-002 for frequencies up to several 


eal 


Wired megacycles per second. 
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SUMMARY 

The proposed use of very-low-frequency waves (10-20 ke/s) for 
navigational aids of the phase-comparison type has led to the study of 
the phase variations of these waves when propagated over distances 
up to 6000km. The particular aspect of this study described in the 
paper is the relative phase variations over a pair of adjacent paths. 

Measurements have been made of the variations in the phase 
difference between the signals received from a single transmitter at 
two spaced receiving stations. The two principal transmitters used 
were Varberg, Sweden, on a frequency of 17-2kc/s and at a range of 
1000km, and Annapolis, United States, on 15-5kc/s at a range of 
6000km. Receiver base-lines, up to 280 km in length, were situated in 
England and oriented both transverse to, and along, the direction of 
propagation. The observations were made at various seasons, and 
the results show the extent of the systematic diurnal changes and the 
random fluctuations: the former were of the order of 30° at the shorter 
range and 5° at the longer, and the latter had standard deviations at 
both ranges of the order of 4° in the day-time and 10° at night. 

It is shown that the magnitude of the random phase fluctuations can 
be calculated from measurements of the corresponding amplitude 
fluctuations. In this way data on phase fluctuations at night at inter- 
mediate ranges and for receiver spacings up to 2000km have been 
obtained. The relationship between the receiver separation and the 
correlation between fluctuations on two paths has been examined, 
and it is shown how the results of the phase measurements may be 
applied to other receiver arrangements. 


(1) INTRODUCTION 


During the past few years suggestions have been made for the 
use of very-low-frequency (v.l.f.) waves for long-range radio 
navigational aids. Examination of existing fundamental know- 
ledge on the long-distance propagation of v.l.f. waves, par- 
ticularly in regard to their phase variations, has shown the need 
for further investigations. Part of the work carried out at the 
Radio Research Station is described in the paper. Observations 
made by other investigators have been confined to fixed receiving 
positions:'-3 the purpose of the Radio Research Station work 
has been to provide observational material at other ranges and 
of such a type that it can be more directly applied to the 
navigational problem of the comparison of signals propagated 
to a receiver from two or more separated transmitters. A 
hyperbolic type of navigational aid is envisaged using con- 
tinuous-wave transmission, so that the chief characteristic of the 
waves to be investigated is the temporal and spatial variations 
of phase. The amplitude variations are mainly of importance 
in relation to the occurrence of deep minima at certain distances 
and times of day. A more detailed study of the amplitude 
variations can, however, provide data on the phase variations. 

There are, generally speaking, two aspects of the phase varia- 
tions which require investigation: the first is the absolute varia- 
tions of phase of the wave over a single transmission path and 
the second the relative phase variations over a pair of paths. 
Studies of the first type have been carried out using a highly 
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stable local oscillator as the phase reference at the receiving ¢ 
of the path. This technique of measurement requires the tra 
mitter frequency to be of high stability (within about 1 » 
in 10°) and the number of existing v.l.f. transmitters hay 
such a characteristic was limited, at the time of commencen: 
of the investigations described in the paper, to a single stati 
GBR at Rugby. Thus, since it was desirable to make © 
measurements in Great Britain and at long ranges from 
transmitters, most of the work was concentrated on the si 
of relative phase variations in which transmitters of low stabi 
such as those at Varberg, Sweden, and Annapolis, Uni 
States, could be used. 

The technique adopted for the investigation was to meas 
the variations in the phase difference between the signals rece! 
from a single transmitter at two spaced receiving stations. 1f 
arrangement is the inverse of that of an actual navigati> 
system, in which there would be two spaced phase-locked tra 
mitters and a single receiver, but the essential information ¢ 
be obtained more conveniently in this way. The measureme 
have been carried out over pairs of paths 100 to 6000km 
length using receiver base-lines up to 300km long and tra 
mitters operating in the frequency range 15—20kc/s. | 

Amplitude recordings at a large number of sites at ranges 
to 7600km from the transmitter have also been made. So 
of the results which are relevant to the phase investigation : 
described in the paper, but the remainder will be publist 
separately. The application of both the phase and amplit 
investigations to the assessment of the operation of a navigati 
aid will form the subject of a further paper. | 


(2) PHASE-MEASURING EQUIPMENT 
The principle of operation of the equipment which is used 
measure the difference between the phases of the signals receiy 
at the two receiving sites is shown in Fig. 1. A full descripti 
of the equipment is to be found elsewhere.* , 
The phase difference between the v.l.f. signals is obtait 
indirectly by measuring the phase difference between two aud 
frequency signals, one of which is carried by telephone 1! 
from the remote station to the measuring station. The au 
frequencies are obtained by mixing the v.1.f. signals with referes 
signals derived from the pulse modulation of the v.h.f. tra 
missions received from the Gee navigational system. So long 
the phase relationship between the two reference signals rema 
constant, the measured phase difference will be the same as 
v.l.f. phase differences. The reference signals are derived fr 
the timing oscillators (75 kc/s) in the Gee receivers and are ph 
locked to the pulse repetition frequency of the Gee transmissio 
To ensure that phase shifts in the v.l.f. part of the equipment 
not cause errors, provision is made for injecting into the Y. 
receiver at each station checking pulses having a harmoni¢ 
the v.l.f. frequency to which the receivers are tuned. Th 
checking pulses are derived by frequency division from 
timing oscillators and are maintained in a fixed phase relatir 
ship to the received Gee pulses. 
Since the delay of an audio-frequency signal in the telephe 
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1; Fig. 1.—Basic system of measurement and layout of stations. 


| is"appreciable, an acoustic delay line having a similar delay 
4jacluded in the equipment at the measuring station. This 
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GENERATOR AND TIMING AND TIMING 
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eires that keyed signals are applied simultaneously to the 
4 se-comparator unit and consequently allows the full duration 
whe signals to be used for phase measurements. The inclusion 
alte delay line also provides compensation for phase errors 
“ang from small changes in the frequency of the transmitter. 

“he phase-comparator circuits consist of a sum-and-difference 
‘it followed by a compass-type cathode-ray tube. The inclina- 
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in of the trace, relative to one of the axes, is equal to half the 
‘ise difference between the signals.* 
‘The major source of inaccuracies is poor signal/noise ratios at 
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hh the Gee and v.l.f. receivers. Measurements made in the 
oratory gave the holding accuracy of the Gee phase-locking 
suits as equivalent to 1-2° of phase at 16kc/s for a signal/noise 

tio of 3dB. With ratios of 12dB or higher the accuracy is 
f°. The effect of noise in the v.1.f. channel is to cause a 
*ning out of the trace on the phase-indicator tube. The 
ding accuracy obtainable with a signal/noise ratio of 24dB is L | 
°, and for a ratio of 18 dB it is 2-0°. 

The overall accuracy of the system under good signal/noise nee 
ditions is considered to be within +2° at 16kc/s for long- i 
‘m measurements, while for periods up to 30 min the accuracy 
detter than +1° of phase. ; 10 


e 
° 
16 15 


: (3.1) Description of Measurements [ es 
Three short series of phase measurements have been made on [ ov iE 


% 
(3) SHORT-DISTANCE MEASUREMENTS ig 
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‘mals from the Rugby transmitter, GBR (16-Okc/s), with the GCL aae cee ee 3. 2 
lpasuring station at Slough and the remote stations at Slough, 
linkfield and Aldbourne successively (see Fig. 2). All three 


F : 1. Slough. 8. Banbury. 
( were approximately 110km from Rugby, and the spacings 2 Winkfeld, 8 Cambourne, . 
i ' . Teddington. i roke Dock. 
‘tween the receivers were 0-8, 10 and 75 km, respectively. a Ce ee Cae ae. 
5. Portsmouth. 12. Hemsby. 


e vertical aerial and a loop set normal to the plane of propaga- prror Seoul GNU bletiompe. 
foere employed at each station, and phase-difference measure- 7. Princes Risborough. 14. Carnaby. 


Fig. 2.—Location of sites. 


15. Jodrell Bank. 
16. Lower Whitley. 
17. Greenock. 

18. Inverness. 

19. Swansea. 
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ments were made at 1 or 2min intervals using the four possible 
combinations of aerials. That is, measurements were made of 
the relative phase between the signals received on vertical aerials 
at both stations, between those received on loop aerials and 
between those received on a vertical aerial at one station and a 
loop aerial at the other. By taking the differences between the 
values obtained the phase of the loop signal relative to that 
received on a vertical aerial at the same station could be deduced. 


(3.2) Results 
(3.2.1) General. 

At a distance of 110km from the transmitter the amplitude 
of the ground wave is about five times that of the one-hop 
ionospheric wave, and the ratio of the voltage induced in the 
vertical aerial by the ground wave to that induced by the 
ionospheric wave will be somewhat greater. The phase of the 
total output from this aerial can therefore be regarded as 
substantially that of the ground wave and used as a reference, 
while that from the loop aerial is dependent upon the phase of 
the received ionospheric wave. Thus changes in the phase 
difference between the loop and vertical-aerial signals at each 
station are a good approximation to the absolute phase changes 
of the ionospheric wave, while those between the two loops give 
its relative phase changes between the two receiving sites. 

Phase changes of two main types are apparent from the 
measurements: 


(a) Regular changes due to the diurnal changes of the ionosphere. 
(6) Random variation having periods from a few minutes to an 
hour or more which are due to the irregularities of the ionosphere. 


In the analysis of the results in this Section these types have been 
considered separately. 


(3.2.2) Diurnal Changes. 


Although only one record, that of 9-10th May, shows the 
complete phase changes from one day to the next, most of the 
others include the sunset period. The absolute and relative 
phase changes for this record, which was taken with the remote 
receiver at Aldbourne, are shown by the 10min-mean plots in 
Fig. 3. It is seen that for this separation (75 km) the relative 
phase change at sunset is not discernible and that at sunrise 
it is small compared with the absolute phase change. 

The observations at Winkfield and Slough also showed no 
marked sunset change of the relative phase, although the absolute 
phase change was of the order of 360°. 

The points, x, plotted in Fig. 3(a) are the hourly mean values 
of absolute phase recorded simultaneously at Cambridge by the 
Cavendish Laboratory. The detailed Cambridge record was 
compared with the corresponding Aldbourne one, and it was 
found that the relative phase variation between these locations, 
separated by 180km and in mutually perpendicular directions 
from the transmitter, was of the same order as between Slough 
and Aldbourne [Fig. 3(5)]. It is of interest to mention that on 
another day (27th April), when a severe magnetic storm was in 
progress, the Cambridge record was markedly different from 
those taken at Slough and Aldbourne. 


(3.2.3) Random Variations. 


In order to examine the short-period variations of phase a 
Statistical analysis of all readings (taken at 1 or 2 min intervals) 
was carried out. The day and night periods were treated 
separately, and for each period the standard deviation of the 
phase from the mean value was calculated. This was done for 
the absolute phase variations at each station as well as for the 
relative phase between the two. The results of this analysis are 
given in Table 1. 
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Fig. 3.—Phase variations over Aldbourne-Slough base-line. — 


Rugby transmitter, 9th-10th May, 1956. | 


(a) Absolute phase. 
(6) Relative phase. 


x Hourly mean values measured at Cambridge. . 


Table 1 


STANDARD DEVIATION OF THE RANDOM PHASE FLUCTUATK 
OF THE HORIZONTALLY POLARIZED [ONOSPHERIC COMPON 
OF THE RuGBY SIGNAL 


Mean value of standard 


deviation 
Site “ otal Ped 
Series A ours Absolute phase eric 
ee recording|___—————C— |! Repaattiivee 
at atremote| Phase 


Slough | station 


km deg deg deg 
0-8 327) 24-3 19-3 So 7/ 


Da 

Nig 

Aldbourne- 5°5 3°5 Da 
Slough 24-0: | 25:5 Nig 


Range 110km 


Although the amount of data used in the analysis is relati 
small one useful deduction can be made. There is a mar 
increase in the fluctuations during the night-time periods, 
average night value of the standard deviation of the abso! 
phase being about 30° compared with a day-time average of 6 


(4) MEDIUM-DISTANCE MEASUREMENTS 
(4.1) General 


Several series of measurements have been made of both 
phase and amplitude of signals received in this country from 


ii nitter SAQ at Varberg, Sweden. The transmissions were 
mi dulated continuous wave on a frequency of 17-2kc/s at a 


fc nal output power of SOkW. 


“i uring station at Slough and the remote stations successively 
i, dbourne, Hemsby (Norfolk) and Lower Whitley (Cheshire) 
=; Fig. 2), two series being made at the latter site. The site 
waemsby is on the line between Varberg and Slough at a 
4jace of 203 km from the latter, while that at Lower Whitley 
S)proximately at the same range as Slough but situated 
‘m to the north. These last two sites were selected in this 
win an attempt to separate the random variations from the 
: yal changes. It seemed likely that the relative diurnal 
f ges at these comparatively short receiver separations would 
st ypreciably less when the receivers were at equal ranges than 
| they were at different ranges on the same radial. The 
erse might also be true for the random variations. 

12 _ these measurements either a vertical aerial or a loop set 
e plane of propagation was used for reception. 


if (4.3) Results 

4) General. 

a range of about 1000km the ground and ionospheric 
's are of the same order of magnitude, and since the angle 
‘rival of the ionospheric wave is close to that of the ground 
, it is not practicable to separate out the latter and so obtain 
asurement of the absolute phase variations of the ionospheric 
+ as was done at the shorter ranges. The phase variations 
sured were therefore those of the total vertical component 
field at one receiving station relative to those at the other. 
ough this may not be so satisfactory for the study of the 
spheric irregularities it closely resembles the conditions of 
ation of a navigational aid. 

Observations have again been analysed to show the 
al changes and the random fluctuations separately. 


( 2) Diurnal Changes and Long-Period Variations. 


ie set of curves in Fig. 4 shows the 40min mean of the 
i ive phase between the three pairs of stations. The dotted 
ions of the curves indicate periods of unreliable or missing 
a: rvations. 
‘ae Aldbourne-Slough measurements, which are shown in the 
i four curves, were made during the period 10th April— 
May, 1956. There are very marked differences between 
@ curves, particularly at sunset, where there is a progressive 
fige within 8 days from an increase of over 60° of phase to 
@xcrease of 40°. The very much steadier conditions in the 
time than at night are also apparent. 
he Hemsby-Slough series, which were made in August, 1956, 
a more definite diurnal change with a greater, but more 
table, phase difference at night than in the day-time. The 
‘marked changes that occurred between 0100 and 0500 hours 
the 9th August are to be noted and also the tendency for 
™m to be repeated, but with reduced amplitude, on the 
August. 
he last five curves relate to measurements taken over the 
iver Whitley-Slough base-line during November, 1956, and 
‘7, 1957. In these the diurnal change is small but the night- 
2 variations are considerable. An ionospheric storm was in 
/gress during the last two periods (12-15th November), which 
{ants for the large variations ren enoUs both records. The 


hye phase changes occur dayne the night. The diurnal 


/Mges are again small. 
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Fig. 4.—Mean relative phase: Varberg transmitter. 


Aldbourne-Slough: (a) 11th-12th Apr., 1956. 
(6) 16th Apr., 1956. 
(c) 18th-19th Apr., 1956. 
(d) 30th-31st May, 1956. 


(e) 8th-9th Aug., 1956. 
(f) 22nd-23rd Aug., 1956, 


Lower Whitley-Slough: Ne) 18th-19th July, 1957. 
(A) 22nd-23rd July, 1957. 

(i) 9th-10th Nov., 1956. 

(j) 12th-13th Noy., 1956. 
(kK) 14th-15th Nov., 1956. 


Arrows indicate mid-path sunrise and sunset times. 


Hemsby-Slough: 


In order to obtain some quantitative comparison between the 
results over the three base-lines an analysis of the data was made 
in the manner shown in Table 2. 

The Aldbourne-Slough results show large variations from day 
to day and are of little value for comparison purposes. The 
results over the two other base-lines, however, show that the 
general change of relative phase from day to night is less when 
the receivers are at equal distances from the transmitter than 
when they are on the same radial. The exceptionally large 
change of 21-9° recorded for 22nd—23rd July in the Lower 
Whitley-Slough series is explained by reference to Fig. 4. It 
will be seen that over the night period analysed (2300-0140 hours) 
there is a large increase in the relative phase which results in an 
abnormally high mean night value. All phase plots in this series 
showed large changes during the night period, but on this par- 
ticular night the changes were exceptionally large and were 
positive over the whole analysis period. 

Comparison between the November and July measurements 
over the Lower Whitley-Slough base-line shows that apart from 
the greater mean level of the relative phase during the summer 
month there is no significant difference due to season. The 
maximum deviations of the long-period variations from their 
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Table 2 


DIURNAL CHANGES OF RELATIVE PHASE OF VARBERG SIGNALS 


Relative phase 
Night Ne 
Series Date Record length ae oatraes Pes ay ‘an 
, t 
Mean devintoas Mean Senations : 
hours deg deg deg deg deg deg 
11 14 80 86:5 = eS ; 
12 83-5 —9 +5 99-0 SIO ae! +15< 
Aldbourne-Slough 16 6 52°4 —2 +6 
April, 1956 17 38-9 —3 =63 
17 38-1 —4 +3 
18 15 60 61-9 —1 +2 (56°4 —20) --3)) (—5: 
May, 1956... ie 30 14 (55) 122-5 —4 42 (88-3 — Omi) (—34- 
Hemsby-Slough 8-9 16 40 55:9 —3 +4 86-6 sp ile! 30° 
August, 1956 9 8 53-4 —2 +3- (80) (27: 
21 44 — 54-9 —5,. = 
22 13 70 54-0 —5 +3 69-0 —16 +14 
22-23 84-4 Sly Se tls) 30 
99-9 —15) -F16 
Lower Whitley-Slough 7=8 5 — 50-1 1 Fi | 
November, 1956 9-10 17 35 35905) —6 +7 47-7 —17 +13 12-2 
12-13 19 72 67°8 —26 +43 
14-15 23 50 40-9 —7 +7 55-4 =—17 +18 ‘= 
Lower Whitley-Slough 16-17 16 60 62°5 —3 +3 72-4 —27 +27 o™ 
July, 1957 18-19 18 37 S196) 2 | 4 61-1 —16 +17 9-6 
21-22 14 US) 66-0 —5 44 68-0 —10 +12 2-0 
22-23 24 65 58-6 a4) eS) 80:5 SPP a PAY 21-9 
58-0 —6 +5 “y 


Range about 1000km. 
Figures in brackets are open to doubt as they are taken from records which were 
of short duration or discontinuous. 
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Fig. 5.—Relative phase variations: Varberg transmitter. 
ie peers hace lene Aug., 1956. 
ower itley-Slough, 9th-10th Nov., 1956. Quiet ionospheric conditions 
(c) Lower Whitley-Slough, 14th-15th Noy., 1956. Disturbed ionospheric conditions 


¢ day and night values emphasize the greater amplitude of 
%@ Variations at night than in the day, but show no significant 
a ion with orientation of receiver base-line or with season. 

» he fourth column of Table 2 is given the overall change of 
sijve phase occurring during the total period of the record 
this covers a sufficient portion of the 24 hours for the 
1/3 to be significant. These show larger variations from day 
sily than from one base-line to another or from one season 
3! . 

other. Over the longer base-lines the average value is 50° 


“) variations from 25° to 70°. 


)) Random Fluctuations. 


»/ mplete curves drawn through all the measured points for 
j) typical days are shown in Fig. 5. Curve (a) was taken on 


a Temsby-Slough pair of stations and shows the marked 
ni ise in amplitude of the rapid fluctuations that occurs during 
iy ight-time. 

mie Lower Whitley-Slough pair for two periods separated 
#4 ur days. Curve (4) shows the day and night fluctuations 


i: Curves (6) and (c) show the results obtained 


it The day-time variations, however, were of the 
4, order on both days. 

+. analysis of all the observations obtained on the Varberg 
emitter is given in Table 3. 

ve data are divided into day and night periods, having 
ig ions as shown, and excluding the sunrise and sunset periods. 
t nagnitudes of the fluctuations are expressed in terms of the 
ie tions from the mean for each period as given in Table 2. 
i) computations were based on phase readings at 2min 
It will be noted that although there are substantial 
ges from day to day there is a definite increase in the 
Diitudes of the fluctuations at night, compared with the day- 
The standard deviations are also greater over the larger 
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base-lines between Hemsby and Slough (200km) and between 
Lower Whiteley and Slough (250km) than over the shorter 
Aldbourne-Slough base-line (75km). There seems to be no 
significant change of magnitude with season or with base-line 
orientation. 


(S) LONG-DISTANCE MEASUREMENTS 


(5.1) Description of Measurements 


A few relative phase measurements were made on transmis- 
sions from Annapolis (19:Oke/s) at a range of 5800km using 
the Aldbourne-Slough pair of measuring stations and the 
Hemsby-Slough pair. 

One complete record for the night period between ground 
sunset at Slough and ground sunrise at Annapolis was made for 
each of the pairs of stations; on the Aldbourne—Slough pair in 
June, 1956, and on the Hemsby-Slough pair in August, 1956. 

The main series of measurements on Annapolis transmission, 
however, was made with the measuring station at Slough and the 
remote station at Carnaby, Yorkshire, over a base-line of 
286km oriented almost normal to the direction of propagation 
(see Fig. 2). The observations were made over six periods of 
between 14 and 22 hours’ duration in the months of February 
and March, 1958. In 1957 the operating frequency of the 
Annapolis station was changed from 19-Okc/s to 15-5kc/s so 
that this main series of measurements was made on the lower 


. frequency. 


(5.2) Results 
(5.2.1) General. 


The results of the long-distance measurements were analysed 
in the same manner as were those for the medium distances. 


i] Table 3 


RANDOM RELATIVE PHASE FLUCTUATIONS OF VARBERG SIGNALS 


Average standard deviation 
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Range about 1000km. 
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(5.2.2) Diurnal Changes. 


The diurnal and long-period changes in relative phase are 


illustrated by the curves in Fig. 6 and the analysis in Table 4. 
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Fig. 6.—Mean relative phase: Annapolis transmitter. 


Carnaby-Slough. 
(a) 15th-16th Feb., 1958. 
(6) 17th-18th Feb., 1958. 
(c) 19th-20th Feb., 1958. 
(d) 4th-Sth Mar., 1958. 
(e) 6th-7th Mar., 1958. 
S. Sunrise and sunset times at Slough. 
A. Sunrise and sunset times at Annapolis. 


Since the sunset times at Annapolis and Slough diff 
about 5 hours there were appreciable periods when the pro 
tion path was partly in daylight and partly in darkness. T 
fore, for the purpose of this analysis, the 24-hour period 
been divided into four: . 


(a) Day—whole path in daylight. 

(6) Sunset—sunset line across path. . 
(c) Night—whole path in darkness. 

(d) Sunrise—sunrise line across path. 


Apart from showing that the overall deviation from 
period mean value is dependent upon the orientation and le 
of the base-line, the Aldbourne-Slough and Hemsby-Sk 
observations contribute little to the information on 4» 
changes at this range. The main facts to be obtained from 
analysis of the Carnaby-Slough series (see last three line 
Table 4) are that the change of the mean phase from dz 
night is on the average small and in a downward dires 
although the changes between the sunset period and the da 
night periods may be greater. The maximum deviations ¢ 
the mean of each period are again greater at night than ia 
day-time, and the overall phase change throughout the day 
a mean value of 34° with variations from 20° to 47°. 


(5.2.3) Random Fluctuations. 

A complete curve drawn through all the measured poinis 
a typical day is shown in Fig. 7, and the standard deviatict 
the fluctuations from the mean value for each period of the 
are given in Table 5. 

The analysis again shows an increase in the magnitude ¢ 
fluctuations during the hours of darkness in all cases. 
series of measurements over the Carnaby—Slough base-line sh 
a wide variation from day to day which seems to be ra 
greater in the day-time than at night. In view of the variat 
shown over this base-line no reliable deductions can be # 
from the one day’s observations on the two other base-line 
to the dependence of the magnitude of the fluctuations on 
base-line length or orientation. From the medium-dist 


Table 4 


DIURNAL AND LONG-PERIOD CHANGES OF RELATIVE PHASE OF ANNAPOLIS SIGNALS 


Relative phase 
Series Date ae oe Day Sunset Night Sunrise 
Masi ; : . 
Mean | (deviation | Mean | (evatog | Mean | Maximum | Mean | Masi 
hours deg deg deg deg deg deg deg 
Aldbourne-Slough | 13-14 13 30 —— 65°5 —84+7 716-9 —7+9 65-5 —84 
June, 1956 
Hemsby-Slough 20-21 15 55 — DSi —19+ 16] 37:2 —17+ 25| 26-0 128 
August, 1956 
x 15-16 Di 23 80-0 —7+8 77-0 —44+5 73-0 —6+9 72°6 —7+ 
Se een 17-18 22 45 1-5 |—-8+8) 580 | 817 | 71-7 2934181 o1-o0c en 
: 19-20 14 47 71-8 —4+ 4 >)/98) —8+10} 62-5 —17+ 15 — — 
2-3 17 20 65-7 —1 1 57°8 —8+11 60-0 —11+6 — a 
March, 1958 4-5 17 35 — 54-7 —9+10| 61:1 —17+15} 54-9 —44- 
6-7 Dp 35 50-9 —6+7 Sor —15+16| 50:6 —12+20} 52:0 —7+ 
Averages A 34 67:5 1 60-3 18 63-2 28 60:1 15 
Average changes of means .. re —7 aps —3 


Average day-to-night change .. 


Range about 6000km. 


PHASE, DEG 


SLOUGH ANNAPOLIS 


Standard 
deviation 


Standard 


deviation Period 


deg hours deg 
13-14 — —- 5-0 


L 


€ its and other considerations it would be expected that the 
1 nitudes would decrease with decrease of base-line length. 


ae (6) DISCUSSION OF RESULTS 
‘eviewing generally the results of the phase measurements we 
W; that the data obtained over the short paths (100km), 
jough of limited application to the navigational problems, 
» new information on the relative phase fluctuations on 
| cent ionospheric paths. 
the measurements over paths of the order of 1000km give 
indication of the dependence of the relative phase varia- 
‘on base-line orientation, base-line length and season. The 
ition of observations over the longer paths of about 6000 km 
ble the effect of path length on the relative phase variations 
ye studied over base-lines of comparable length and approxi- 
‘ely the same orientation with respect to the transmitters. 
Measurements give data on the change in the magnitude of 
andom phase fluctuations from day to night. 
wever, as pointed out in Section 1, a comprehensive 
of the phase variations requires the observations to be 
‘iciently extensive to embrace a wide range of transmitter- and 
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Fig. 7.—Relative phase variations: Annapolis transmitter. 
Carnaby-Slough, 6th-7th Mar., 1958. 


Table 5 


RANDOM RELATIVE PHASE FLUCTUATIONS OF ANNAPOLIS SIGNALS 


Transmitter 
frequency 


Period Standard Period Standard 


deviation deviation Period 


hours 


5 


hours deg hours deg 
4 Yee 2 


Range about 6000km. 


receiving-station arrangements and of ionospheric conditions, 
and it is clear that the work described above has done no more 
than obtain samples. As was realized at an early stage, the 
method of measurement has been responsible mainly for this 
limitation because of the considerable experimental effort 
required to obtain the observations and the restriction on the 
base-line length imposed by the effective range of the v.h.f. 
reference signals. It was decided, therefore, to supplement the 
phase observations by amplitude measurements both at the 
sites used for the phase-measuring equipment and at a number 
of other sites. Equipment for amplitude measurements is very 
much less complex than that for phase measurements, can be 
readily duplicated and can be made to operate practically 
unattended. A ready means is thus provided to enlarge both 
the temporal and spatial extent of the observations, although it 
must be realized that the data provided by the amplitude 
measurements are of limited application to the main navigational- 
aid problem. 

The amplitude measurements are described in the following 
Sections and the results which are relevant to the study of 
relative phase variations are given. 
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(7) MEASUREMENT OF SIGNAL AMPLITUDE 
(7.1) Introduction 


The value of amplitude measurements in the study of v.Lf. 
propagation in relation to navigational aids is threefold: 


(a) The determination of the variation of the general field-strength 
level with distance and time. 

(b) Their use in conjunction with the phase measurements for 
deducing the characteristics of the ionosphere. 

(c) The derivation of random phase fluctuations from the random 
amplitude fluctuations. 


The first is of importance for predicting the existence or 
otherwise of regions of low field strength which might lead to 
unreliable operation of the aid due to low signal/noise ratio or, 
what is probably more important, the introduction of a false 
phase indication. This latter fault may arise when the low 
field strength is due to interference between two or more waves 
and the resultant signal undergoes a phase change of one or 
more complete cycles. 

In the paper only the results of the analysis of the random 
fluctuations of amplitude are discussed since this aspect of the 
amplitude study is the one more closely related to the relative 
phase measurements described above. The diurnal amplitude 
changes and their relation to the absolute phase changes as well as 
the variation of field strength with distance will form the subject 
of a further paper. 


(7.2) Description of Measurements 


The amplitude-measuring equipment was of conventional 
design and produced a continuous pen record of amplitude. 
Superhetrodyne receivers with bandwidths of 50-150c/s were 
used and their gain stability was such that a daily calibration was 
adequate to maintain an overall accuracy of measurement of 
better than +1dB. Short vertical aerials of about 6m in 
height were used, and the overall calibration of the equipment 
in terms of the strength of the vertical component of the field was 
made at all sites using a portable field-strength measuring set. 

Recordings were made of the signals from the transmitters at 
Rugby, Criggion, Varberg and Annapolis. A large number of 
receiving sites in England, Wales and Scotland were used, and 
receiving equipment was also installed at Malta and in two of 
the Ocean Weather ships at the Meteorological Office. These 
two ships were stationed in rotation in four localities in the 
North Atlantic and observations were made during the passages 
to and from these localities as well as while they were on station. 

The recordings were started in August, 1956, and, although 
not continuous, covered most seasons of the year until March, 
1958. The observations were made at several sites simul- 
taneously, the number varying from two up to six. The disposi- 
tion of the sites is shown in Figs. 2 and 8, and details of the 
transmitters, ranges and periods of observation are shown in 
Table 6. 

It will be seen that the frequency range covered was from 
15-5 to 19-6kc/s, the path lengths were from 100-5900 km and 
the separations between receiving sites at which simultaneous 
observations were made were from 50 to 2200km. 


(7.3) Analysis of the Random Fluctuations 


In the analysis of the random fluctuations of amplitude and 
their relation to the phase fluctuations, the concept of a random 
signal described by Ratcliffe® and others’:’ is used. It is assumed 
that the total signal is represented by a steady component, plus 
a random one, whose amplitude has a Rayleigh distribution and 
whose phase angle relative to that of the steady component has 
all values with equal probability. Provided that the random 
component is much smaller than the steady one, the standard 
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Fig. 8.—Location of weather-ship stations in North Atlantic. 


deviation of phase in radians is equal to the standard devia! 
of the amplitude expressed as a fraction of the mean ampliit 
It has been shown that the spatial correlograms of the phase: 
amplitude are identical. 

The practical importance of these results is that the abs 
phase fluctuations over a path or the relative phase fluctuaii 
over a pair of paths can be readily calculated from amplit 
measurements over these paths. In addition, the correla 
between the phase fluctuations over adjacent paths can 
calculated for various path separations, and hence the ler 
of base-line between receiving sites at which the correlation! 
to a negligible value can be determined. : 

However, in applying this concept of a signal composed 
steady and a random component to v.lf. signals propag: 
over long distances, one must recognize the fact that the so-ca 
steady component will show systematic variations owing to 
diurnal changes in the ionosphere. It is necessary, therefore 
confine the analysis to periods which are clear of these system 
changes, and, in practice, only the night-time periods clea 
the sunrise and sunset effects were used. : 

In order to check the basic assumptions concerning the né 
of the signals, the standard deviations of the relative phas 
variations between a pair of receiving stations were comp 
from the corresponding pair of simultaneous amplitude rec 
ings, and the results were compared with the measured valu 
relative phase. If the observations at the two stations, 1 an 
separated by a distance d, give amplitude fluctuations of ma 
tudes a, and a, and are related by a spatial correlation coeffic 
pd), the standard deviations of the corresponding p 
quantities can be computed from the relations 


ped) = pd) 
and the standard deviations of the difference of phase from 
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Table 6 


SITES AND RANGES AT WHICH AMPLITUDE AND PHASE MEASUREMENT WERE MADE 


Observation period 


Mar.—May, 1956 


Sites 


Apr.—May, 1956 
Aug., 1956 


Nov., 1956 
Jan.—Feb., 1957 


Apr., 1957 
July, 1957 


Oct. 195i 


June, 1956 
Aug., 1956 
Deow1 957 


Jan., 1958 


Feb.—Mar., 1958 
June-July, 1957 


Mar., 1958 
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13st 72 
18, 19, I 


Amplitude 
Ranges Separations Sites 
km km 
de 
IG 


841-1 121 83-284 
841-1 121 83-284 
1038, 1044 245 
1038-1 046 32-245 
841-1 044 206-275 
841-1 392 16-395 
841-1 269 206-468 
841-2371 206-1 520 
1038-1 062 245-555 
841-2 112 206-1 420 
1044, 1062 See) 
DIAZ 59 2200 
1039-2 556 12-2 200 


5 815-5 823 31-293 
5 430, 4450 900 

5 430-5 593 182-800 
5 433-5 593 182-630 
4450-5 593 173-1 420 


MEASURED STANDARD DEVIATION OF PHASE, DEG 


1280 
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CALCULATED STANDARD DEVIATION OF PHASE, DEG 
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Fig. 9.—Relative phase variations, measured and calculated from amplitude measurements. 


(a) Range 1000km, f = 17:25kc/s. 


@ 24 hours observations. 
W 74 hours observations. 
x Grand average. 

— Random signal. 


(b) Range 5800km, f = 15:Skc/s. 
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Tests have been carried out using the observations on Varberg 
made over the Hemsby-Slough and Lower Whitley—-Slough base- 
lines and on Annapolis over the Carnaby—Slough base-line. 
The analyses were confined to the night-time period which was 
clear of the systematic effects associated with sunset and sunrise; 
the day-time fluctuations were generally very small and not easily 
separated from the diurnal trends or observational errors. These 
and the other analyses of amplitude measurements were made on 
an electronic computer using the values taken from the records 
at 5min intervals. Fig. 9 shows the comparison between the 
measured and the calculated relative phase variations together 
with the expected theoretical relation. The length of the records 
used is indicated by the grouping of the points; e.g. in Fig. 9(a) 
a single point indicates the value obtained from 2:5 hours 
observations and a group of four points that from 10 hours 
observations. It is noticeable that the longer records give values 
nearer to the random signal line. 


(7.4) Deduced Random Phase Fluctuations 


Random phase fluctuations, both absolute and relative, for 
various ranges and receiver separations have been deduced from 
the majority of the night-time amplitude measurements. 

In Table 7 are given the mean standard deviations of the 
absolute fluctuations for a number of ranges and for three 
seasons of the year. The number of periods of observation 
involved in the calculation of the mean value and the extreme 
values of standard deviations are also given. The majority of 
the data was obtained from observations on a frequency of 
17-2kc/s, but data obtained on other frequencies (15 - 5-19 -6 kc/s) 
are also included. 

Although the data are not sufficiently complete to draw any 
definite conclusions about systematic variations, it appears that 
there is no significant difference due to season, but there are 
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Table 7 


STANDARD DEVIATION OF ABSOLUTE PHASE FOR Vv 
RANGES AND SEASONS COMPUTED FROM AMP 
MEASUREMENTS : 


Standard deviation of phase 


Spring Summer 


Max/min Mean Max/min 


deg 


Number of records are shown in brackets. 
Max/min signifies maximum and minimum values out of all records at the 
range. 


indications from the other winter data that the fluctuation 
least at ranges of about 1500km and greatest between 25 
4500km. The occurrence of the minimum is also supp 
by the data for the other seasons. Similar data on the re% 
phase fluctuations for various ranges, seasons, receiver sen 
tions and base-line orientations are given in Table 8. 
Again there is no significant difference between summer 
winter. There is, however, a noticeable change in the ampli 
of the fluctuations with change of receiver separation; t 
particularly evident in the results at 5820km range in whi 


Table 8 


STANDARD DEVIATION OF RELATIVE PHASE FOR VARIOUS RANGES AND SITE SEPARATIONS COMPUTED FROM AMPLITUDE 
MEASUREMENTS 


Base-line 


Mean range A : 
=. orientation 


Separation 
phase 


Radial 
Oblique 
Radial 


10(7) 
16(2) 


10(6) 
10-5(7) 


11(6) 


Trans 
Trans 


Oblique 
Trans 
Radial 


Trans 
Trans 
Trans 


Trans 
Trans 
Trans 
Trans 


Summer 


Standard deviation of relative 
Max/Min 


11/8 
18/3 


13/6 
19/6 


13/7 = 


Winter 


Standard Standard deviation of relative 


deviation of deviation of 
absolute phase absolute phase 


x2 
Vv. Max/Min Xx Vz 


Standard 


12(10) 
11-5(7) 


21(5) 
20(9) 


Trans: Base-line transverse to direction of propagation 
Radial: Base-line in direction of propagation. : : 
Oblique: Base-line oblique to direction of propagation, 


a 


pition 50km is included. If the separation is sufficient for 

»O be no correlation of the fluctuations on the two paths 
-heoretically, the standard deviation of the relative fluctua- 
should be equal to the square root of the sum of the 
jis of the standard deviations of the absolute fluctuations 
~) two paths. On the assumption that the standard devia- 
mij of the absolute fluctuations are equal on the two paths 

eoretical standard deviations of the relative fluctuations 
{0 correlation have been computed as shown in the Table. 
i majority of cases the theoretical values are of the same 
s as the measured ones, indicating that there is negligible 
mm tion for separations of about 250km or more. The 
i} rements at a range of 5820km, however, include separa- 
a below 250km, and these show a significant decrease in 
rT ition amplitude at the smaller separations. This point is 
e2\vith more fully in the next Section. 


(7.5) Correlation over Adjacent Paths 


yalue of the correlation coefficient has been obtained 
@ he amplitude measurements, using an electronic computer, 
pairs of stations at which simultaneous observations were 
’ Fig. 10 shows the mean coefficient plotted against 


pe On (a) 


at } | 
4 } (e) ees | { } ee ~ { 
oO 100 200 300 AT 55Okm 


SEPARATION, km 


} Fig. 10.—Space correlograms. 


Range 1000km. Base-line transverse to direction of propagation. 
Range 1000km. Base-line along direction of propagation. 
ange 5800km. Base-line transverse to direction of propagation. 
| Vertical lines through points show standard deviations about mean values. 


Potion for ranges of 1000 and 5800km. Although the 
‘er of the points and the standard deviations, as shown by 
‘vertical line, are large, it is evident that the correlation 
mes low at about 200km separation for 1000km range for 
directions of base-line orientation and at about 300km 
tation for 5800km range. The values obtained at a range 
'800km for separations of 500-800km, however, show an 
vase of correlation coefficient to about 0-5. The measure- 
its at the 1000km range with a separation of 550km 
’ 10(a)] indicated that no such increase occurs at the shorter 
es, and the correlation between measurements at sites at 


es of 1040 and 1404km along the same radial gave a 
lj 
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coefficient of —0-3 [Fig. 10(5)]. The reason for this rise in 
correlation coefficient at the greater separations and ranges is 
not evident, but a statistical test of its significance shows that, 
in spite of the large standard deviations involved, such an 
increase is unlikely to arise by chance. Thus, although we may 
conclude that for separations of about 250km and up to at 
least 550 km there is negligible correlation at ranges of the order 
of 1000km, no similar conclusions can be made at the greater 
range, although it seems unlikely that the coefficient will rise to 
near unity. 


(8) CONCLUSIONS 


The work described was mainly of an exploratory nature in 
that the phase measurements covered only a limited range of 
transmitter and receiver configurations and ionospheric con- 
ditions, although many additional data on the random phase 
variations have been obtained from the amplitude measurements. 
The information collected does, however, give an indication of 
the effects of the ionosphere on certain aspects of the operation 
of a phase-comparison type of navigational aid. 

The measurements made at the short ranges (100km) have 
little practical application to the navigational problem, apart 
from the checking of the operation of the measuring equipment, 
since it was only the horizontally polarized component of the 
ionospheric wave which was selected for examination. The 
results do show, however, that waves reflected from the iono- 
sphere at points to within about 40km of each other undergo 
very similar phase changes, both from day to night and in the 
short-period fluctuations. This high correlation also holds for 
separations in the ionosphere of the order of 100km, except at 
times of marked magnetic activity. They also show that, as at 
the longer distances, the phase fluctuations are greater at night 
than in the day-time. The main value of these short-distance 
observations lies in their application to the study of ionospheric 
irregularities which will be dealt with in another paper. 

The measurements which are of particular value to the study 
of navigational aids are those made at medium and long ranges, 
since it is at such distances that the instability of the ionospheric 
wave has the greatest influence on the phase of the resultant 
signal. In summarizing the results of these measurements the 
diurnal changes and the random fluctuations will be considered 
separately, the latter including both phase and amplitude 
measurements. 

At ranges of the order of 1000km and with receiver separa- 
tions of 200-250km, the increases of mean relative phase* from 
day to night is shown to be of the order of 30° when the receiver 
base-line is in the direction of propagation and about half this 
value or less when the base-line is transverse (Table 2). These 
diurnal changes vary considerably from one day to the next and 
appear to be independent of season. The largest overall change 
of phase recorded during a 24-hour period was 72°. 

For similar receiver spacing (200-300km) at ranges of the 
order of 6000km, the change of mean relative phase is appre- 
ciably less than at the shorter range. The changes between the 
night, sunrise, day and sunset periods are of the order of 5° 
when the receiver base-line is transverse to the direction of 
propagation (Table 4). Generally, they show a decrease in 
relative phase from day to night, though the intermediate sunset 
value may be greater or less than the night one. The overall 
phase change for the 24-hour period is about half that observed 
at the shorter range, i.e. 35°. 


* Throughout the paper the measured phase values have been quoted in terms of 
degrees at the particular frequency of measurement. The range of frequencies 
involved is relatively small (15-5-19-Okc/s), so that direct comparisons between 
measurements on different frequencies can be made and any frequency effects which 
may be present can be ignored. In any case, the method of obtaining the random 
fluctuations of phase from amplitude measurements assumes that these are independent 


of frequency. 
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A general conclusion to be obtained is that, on adjacent paths 
of comparable length where the mid-path separation is too small 
(about 100km) for the relative phase to be significantly affected 
by the general diurnal movement of the ionosphere, there are 
irregularities of sufficient size to cause appreciable phase dif- 
ferences. Measurements of the absolute phase changes of 
16kc/s signals over a 6000km path (Rugby—Cambridge, Mass.) 
made by Pierce show diurnal changes of 200°-230°, which are 
to be compared with the relative changes of about 35° observed 
by us over a similar transatlantic path on a frequency of 
15-5kc/s. No similar measurements of absolute phase over 
1000 km paths have been made, but assuming that the ionosphere 
can be represented at very low frequencies by a sharply bounded 
layer having a reflection coefficient between 0:4 and 0°8 and a 
diurnal change of effective height from 70km to 85km, an 
absolute phase change of the order of 120° can be expected 
on a frequency of 17kc/s. The corresponding relative change 
observed had an average value of 50° (see Table 2). 

The most definite conclusion obtained on the behaviour of 
the random fluctuations of relative phase is that their amplitude 
is greater at night than in the day-time by a factor of between 
2 and 3 and that this characteristic is independent of range, 
base-line length or orientation, and season. At ranges of both 
1000 and 6000 km the average standard deviation of the fluctua- 
tions for receiver separations of 200—250km is about 4° in the 
day-time with no significant change with season or base-line 
orientation. At night the standard deviation shows a difference 
with range, being 11-6° at 1000km and 9-4° at 6000km. 

It has been shown that the magnitude of the phase fluctuations 
can be deduced from measurements of the amplitude fluctuations. 
Thus it has been possible to extend the study of the phase fluctua- 
tions to greater ranges and receiver spacings by night-time 
amplitude observations, and to obtain a general picture of the 
variation of both the absolute and relative phase fluctuations 
with range, path separation and season (see Tables 6 and 7). In 
general, the standard deviations of the absolute night-time 
fluctuations show a minimum of the order of S° at ranges of 
about 1500km and a peak of the order of 16° in the region 
3000-4000km with no significant difference due to season. 
The analysis of the relative phase values gives standard deviations 
between 9° and 22° for receiver separations of 200km or more, 
but the scope of the observations is not sufficient to show any 
general trends with range. 

An extensive study of the correlation between the phase 
fluctuations over adjacent paths has shown that at 1000km 
range the correlation falls to a negligible value (<0:2) when 
the receivers are separated by 200km or more. At 6000km 
range this low correlation is reached at a separation of 300km, 
but there is a definite indication that the coefficient rises to 
about 0-5 at separations between 500 and 800km. However, 
since a rise in correlation coefficient leads to a decrease in the 
amplitude of the fluctuations, we may conclude, in general, that 
for ranges up to 6000 km the random relative phase fluctuations 
observed with receiver separations of about 250km will not 
increase in magnitude as the separation is increased. Thus the 
values given in Tables 3, 5 and 6 may be used generally in 
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assessing the random errors of a system with larger base: 
The application of these and other data to the estimation of 
probable errors of a long-range navigational system will be 
cussed in a further paper. } 
4 
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SUMMARY 


‘/letailed analysis of third-harmonic tuning of e.h.t. transformers 
Jn, using a simple, approximate equivalent circuit. It is shown 
oi if the leakage inductance is tuned to about the 2-8th harmonic 
# flyback pulse by the stray capacitance, 

is 2) Ringing of the e.h.t. winding during the scan is eliminated. 

a] 5) The e.h.t. voltage pulse is maximized, the increase being 55%. 
1c) The voltage pulse applied to the driver tubes may be increased 
| decreased; the maximum possible reduction is 25%. 

3" 1 heoretical transformer should therefore have a pulse step-up of 
£0 *75, i.e. 2:07 times the turns ratio; practical transformers 
a) give a step-up of more than 1-5 times the turns ratio. The 


ne 


#) nation is in the approximate nature of the equivalent circuit used 


11) NATURE AND HISTORY OF THIRD-HARMONIC 
TUNING 

“e line output transformer of a television receiver is prone 
@ 1ging effects, which are due to the shock-excited oscillation 
Hie resonant circuits formed by the leakage inductances of 
if - ransformer with the stray capacitances. 

me main windings of a line output transformer, i.e. all the 
/ings except the e.h.t. secondary, are quite closely coupled; 
d/eakage inductances are small, so that ringing is at a fre- 
c) cy of the order of 1 Mc/s and the oscillating energy is small. 
ing in the main winding does not pose any serious problems. 
ever, the e.h.t. winding is necessarily constructed as a fairly 
2 ow overwind; the coupling between it and the main winding 
@ erefore relatively loose. The combination of large leakage 
tance, high voltage and relatively large stray capacitance 
give rise to oscillations of quite high energy at a frequency 
3) few hundred kilocycles per second. 

Winging of the e.h.t. transformer during the scan is most 
n sirable, as it produces an oscillatory component of current 
tie boost diode. Such an oscillatory current modulates the 
¥ ige drop across the diode, causing a ‘wrinkling’ non-linearity 
e scan. In extreme cases, the diode peak current may be 
sled, and/or the diode may become cut off during the scan, 
ing a gross non-linearity as shown in Fig. 1. 


(@) (6) 


| Fig. 1.—Boost-diode current. 
) (@ Without ringing. (6) Moderate ringing. (c) Serious ringing. 
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THIRD-HARMONIC TUNING OF E.H.T. TRANSFORMERS 


By E. M. CHERRY, M.Sc., Graduate. 
(The paper was first received 11th March, and in revised form 12th September, 1960.) 


Third-harmonic tuning of the e.h.t. winding provides a simple 
means for preventing ringing during the scan. The exact history 
of third-harmonic tuning is difficult to trace, as very few signi- 
ficant papers have been published. The brevity of Section 9 
and the nature of the references included are indicative of the 
dearth of worthwhile information. 

Torsch claims to have done some work on third-harmonic 
tuning in the late 1940’s; judging from an article published in | 
1953, his work was of an empirical nature only.!_ It was well 
known that ringing of the e.h.t. winding modified the shape of 
the flyback pulse at the boost diode and output pentode. The 
modification is the addition of a sinusoidal voltage at the ringing 
frequency to the main flyback pulse (Fig. 2). Torsch’s contribu- 


Fig. 2.—Effect of ringing on driver-tube voltage pulse. 
tion was to tune the ringing to about the third harmonic of the 
main flyback pulse; the resultant pulse then has a flattened top 
and is of reduced peak amplitude, as shown in Fig. 3. ; 

In the early 1950’s, papers appeared in Continental journals 
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Fig. 3.—Driver-tube voltage pulse with ringing tuned to third 
harmonic. 


which claimed that third-harmonic tuning increased the e.h.t. 
voltage. The ringing voltage appears at the e.h.t. terminal of 
the transformer 180° out of phase with that across the main 
winding, as shown in Fig. 4. However, it was also stated that 
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Fig. 4.—E.H.T. voltage pulse, with ringing tuned to third 
harmonic. 
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exact third-harmonic tuning produced intolerable ringing during 
the scan. The suggested remedy was to tune the ringing to a 
frequency about 10% lower than the third harmonic (i.e. the 
2:7th harmonic*) at which the ringing was much reduced. It 
was claimed that this mistuning did not significantly affect the 
e.h.t. or main-winding voltage pulses.” 

The only really significant paper on third-harmonic tuning of 
which the author is aware? was published in 1951. The claim 
is that, for 2-8th harmonic tuning, ringing of the e.h.t. winding 
will cease and that the e.h.t. voltage will be increased by 55%. 
There is no mention of the voltage pulse across the main winding, 
nor is it claimed that the 55% increase in the e.h.t. voltage is as 
large as possible. The analysis leading to the claims made in 
this Patent has not been published. 

From 1955, articles have appeared which state that 2-7th 
harmonic tuning, which gives no ringing, also maximizes the 
e.h.t. pulse and minimizes the pulse on the driver tubes, i.e. the 
pulse across the main winding.4 The author’s conclusions 
differ from these stated results in that, while tuning for zero 
ringing automatically maximizes the e.h.t. voltage, it does not 
necessarily minimize the driver-tube voltage pulse. 

The most recent papers are more concerned with the voltage 
pulses than with ringing.> There are probably two reasons for 
this: 

(a) Slight ringing is tolerable because modern boost diodes have 

a very low resistance; the ringing current produces only a small 

modulation of the voltage drop across the diode. 

(b) The advent of 90° and 110° deflection has resulted in very 


large pulses on the driver tubes; any means for reducing these pulses 
is a significant contribution. 


The tuning is usually referred to as ‘third-harmonic’ rather than 
‘2:7th harmonic’. 


(2) EQUIVALENT CIRCUIT 
A lossless line time-base may be represented as in Fig. 5. 
The battery and switch simulate the boost capacitor, h.t. supply 
and driver tubes of a practical circuit. 


STRAY CAPACITANCES 


Fig. 5.—Equivalent circuit for line time-base and e.h.t. generator. 


The switch is closed, applying a constant voltage, Vp, to the 
yoke; the yoke current increases linearly with time. As the 
current reaches Jp, the switch is opened and the resonant circuit 
formed by the yoke and stray capacitances executes slightly more 
than one half cycle of oscillation (the flyback). At the end of 
the flyback, the yoke current is —Jp and the voltage across the 
yoke is Vp. The switch is closed, and the yoke current flows 
into the battery, rising linearly from —Jp to zero. If the switch 
is left closed, the whole process may be repeated and a saw- 
tooth yoke current is obtained. The transformer across the 
yoke steps up the flyback voltage pulse; the enlarged pulse is 
rectified to give the e.h.t. voltage. 

The problem is to find the condition for the parasitic oscilla- 
tion, which is shock excited in a practical transformer, to cease 
at the end of the flyback. 

* ‘2-7th harmonic’ is a descriptive, but rather unscientific term, which is in common 


usage in popular and semi-scientific literature. It is used throughout the paper because 
it is concise and self-explanatory. 
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§ 
(2.1) Transformer T-Equivalent + 


The transformer is replaced by its T-equivalent circuit (Fig 
Two components are neglected to simplify the initial anal 


Fig. 6.—Line time-base with transformer replaced by T-equival 
circuit. 


the primary inductance, kL, is assumed to be infinite arg 
mutual capacitance, Cyy, is assumed to be zero. These apy 
mations do not introduce gross errors; both components na 
partially replaced by modifying the values of others. 
Next, all components are transferred to the primary a 
ideal transformer, and any series or parallel componens 
combined, as shown in Fig. 7. The ideal transformer play 
] 

2(I-k) Lo LIN 

OOQ 


Fig. 8.—Equivalent circuit used in simple analysis. 


further part in the analysis and is omitted; the component: 
renamed, giving the final equivalent circuit of Fig. 8. 


(2.2) Network Equations 


(2.2.1) Initial-Condition Generators. 


At the start of the flyback, when the switch is opened 
conditions are 


iy = Ip 
) = 0 
Kor= Voie 
and I is given by 


if the scanning time is 7,. Four generators are placed i 
equivalent circuit to set up these initial currents and vol 
(Fig. 9). The required generators are: 
Generator 1.—Produces Ip in L,, and therefore an im 
InL, = — 4VoT,, which has a transform —4V7,. 
Generator 2.—Produces the voltage on C,, and thereft 
step Vo, which has a transform Vo/s. 
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> Fig. 9.—Initial-condition generators for simple analysis. 


Generator 1; —}4 VoTs. 
Generator 2: Vo/s. 
Generator 3; zero. 
Generator 4: Vo/s. 


1 ie 
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{ Evaluation of i, and ip. 
: solution of eqn. (3) is 
, _ Ye =e s? + No 
L= 
1~ 3 Westies ore 2 
c Vo sT, No 
a 
2 Ly 2 c )z —- s*D, + Do 40) 
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(Da eee 
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’ eee) 
Rae 1 
oS Sig Ghali OP 
Pee 1 
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w put 
s* + s?Dz + Do = (s? + w3)(s? + wi) . . (6) 


} © @, and w», which are real, are the angular frequencies of 
2 oles of the network. Eqn. (4) then becomes 


ae Mo = s? + No 
a a7 et We cnc) Ge eos ) 
= oe Vo Sule No 
ens, 2 ‘u 1) (s? + w?)(s? + w3) ° @) 
*xt put 
a s? + No ee. me B ] 
(s? + w?)(s? + w3) s*+ 2 s* + ws e 
No = a b 
(s? + w2)(s* + w3) s° + wt T 2 + w3 
Eqn. (7) 


4, B, a and b are the residues at the poles of s?, 
iq be expressed in the form 
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F Dy) w 
i a on hal Siete ) 
! yo 7) Gap tear T, s* + w} 
S 9) W. 
P+ ah” an? pra ma 


° Vo i ie AY Z Wy 
aS ——___—__. ———S 
2 Ji Fle(stat or anew) 


Ss 2 W 
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@;, Wz, A, B, a and b may be found from eqns. (4)-(8): 


+ B( 


wi + wz = Dy 


wiws = Do 
Zl sip [3 || 

10 

Aw, + Bw? = No (9) 
a+b=0 


aws + bwt = no 
Now take the inverse transform of egn. (9), giving 


oa Oe 2 
i; = aris 3 ‘| 4 (cos wyt + acts 


sin wit) 


+B (cos Wot ae ig ont) | (11a) 


‘ Vo T, D 
(by) = — ii > a(cos wt + —— wT, sin “) 
1 W; 
mon ont) | (11d) 


In practice, both 2/w,T, and 2/w 7, are very much less than 
unity, so to better than 1° we may make the approximations 


2 ) 2 
—_—> + Boos (wat — 77) | 
tee 2 wT, 


SF b(cos Wot Tee 


be 


(12a) 
pee es aos ( t z 
(ae V; DB “s WT, 
(126) 


Thus, both i, and i, have components at frequencies w, and 
w,. The most important relation between the coefficients is, 
from eqn. (10), 

(13) 


The phase angles of the w, and w, terms are the same for the 
two equations, namely —2/w,T, and —2/w»T,. 


a=-—b 


(3) CONDITIONS FOR RINGING TO CEASE 
The flyback in a practical line time-base finishes when the 
boost diode begins to conduct. This is simulated in the equiva- 
lent circuit by closing the switch at an instant when 


di, 
= — Ss — V, 14 
Ver Liv 0 (14) 
If, at this instant, di,/dt = 0, then 
di 
Vio= ee = 


and therefore Vo, = Vor = Vo. 
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Further, if at this instant i, = 0, then, since Vey = Veo, there 
is no tendency for i, to change from zero, i.e. i, will remain at 
zero during the scan and there will be no ringing. 

Thus the conditions for ringing to cease are 


di,(T, 


where Tis the flyback time. 


(15) 


(4) SOLUTION OF EQUATIONS 


In theory, eqns. (12a) and (14) may be solved to give the 
flyback time in terms of the parameters L,, L2, C, and C). 
Assignment of a practical value to T;—typically 10 microsec— 
gives one equation for L,, Lj, C; and C,. Eqns. (12d) and (15) 
may be manipulated to give two further equations in these para- 
meters. If a numerical value is given to any one of the four 
parameters, the three others may be found from these three 
equations, but such a solution is exceedingly tedious. 


(4.1) Practical Solution 


Fortunately, a commonsense argument leads to a workable 
solution. 

The equivalent circuit is lossless, so it is possible to have a 
completely symmetrical flyback. This implies that 


i@) = —i(T,— 4) } 


i(t) = — i(T; — 1) 
Gilt). == dil 1p —3) 16) 
tak fe nee dt : 
dit), dis(T,—1) 
dt dt 
But the initial conditions are, from eqn. (1), 
: di,(0 
i,(0) = 0 A 9. oe. 7) 


Therefore, if the flyback is symmetrical, 


dis) _ 


Wea 
i( a) 0 di 


0 


which satisfy eqn. (15), i.e. the conditions for ringing to cease. 


(4.1.1) Symmetrical Flyback. 


For a symmetrical flyback, i,(7;)=0. Therefore, from 
eqns. (125) and (13), it immediately follows that 


2D 
cos (wT; == aa = cos (wT; — = 
Ss 28 


By appeal to the symmetry of the flyback, as in Fig. 10, the 
flyback time may be evaluated: 


(18) 


2» 
wT, 


which gives 


(peu = (7 £ ar) (19) 


Substitution from eqn. (19) into eqn. (18) gives 


cos (a + =r) ='COos E G + oT) — | (20) 
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Fig. 10.—Evaluation of flyback time. 


(4.1.2) First Solution. 
The first non-trivial solution of eqn. (20) is 


(Gay 


2: WwW, 4 2 
t= (0 an) — a 
ap ae Ww; ey wT, WT, 


oh Tre sa nS % aad wT, 
W) 2/wT, — 10/w,T, . 
Ba Ps ap eas Ge I 
Therefore te ar 7 Ae | 
and neglecting small terms, 
Co pee oe el | 
Ww, -, 70, T, 


Very approximately, from eqn. (19), 7 


hie 7 

= T, 

Substitution into eqn. (21) gives 
Ww Sar 


and if T,;= 0-2T,, approximately the ratio of flyback to 
time in a practical television system, 


W1 


2 — 2-80 
Wy 


Knowing the order of the answer, and modifying the app 
mations accordingly, gives a rather more accurate expressic 


W2 the 
= 3 (1 a thi 
e 0-307 


(4.1.3) Second Solution. 
A second solution of eqn. (20) is 


("+—) +4 = 22(m + 4 


which yields 2 05 (1 _9.372f 
WwW 1h 


Ss 
and for T;= 0:27, 
aA 63 
oN 


This solution corresponds to a flattening of the e.h.t. pulse 
an increase in the pulse applied to the driver tubes.4 
The constants in eqns. (25) and (26) are rather smaller 


; nediately follows that 


of Reference 3, and it is concluded that the above analysis 
srent from that which led to the Patent. 


(5) CONSEQUENCES OF SOLUTION 
(5.1) Relations between L,, L,, C, and C, 


| 
| C,=pCc, L,=ql,. (27) 


| (S) and (10) may be solved to give 


1 (pq +p+1) ¥ V[(pa +p + 1)? — 4p] 


L,C, 2pq 


br wz = 
(28) 


Me, 


) -“ ep As A@ag tp + 12.459] 
(pq + p + 1) —V/[(pq + p + 1)? — 4pq] 


| May be expressed in the form 


(w/w 1)* + Ppa 


w/w 


(29) 


(pq +p+0r=| 


utting w,/w, = 2-80 [eqn. (24)] gives 


(pq + p + 1)? = 10-0pq (30) 


her p or q is chosen, the value of the other which gives 


ot tuning may be found from eqn. (30). 


(5.2) Flyback Time 
stitution from eqn. (30) into eqn. (28) gives 


tee 476 0-36 
el =: A 3 
“1-T.C, WO) LOW O19) 
sae 107 R76) 9:81 an 


~~ LyC,  2/(pq) Ly Cyv/(pq) © 
|bstitution from eqn. (31a) into eqn. (22) gives for the fly- 


time 
Ty = 5-3s/(L1C\W(P9) 


(5.3) E.H.T. Voltage 


(32) 


te eh.t. voltage at any instant is given by the indefinite 
ral 


irs 
aes | indt (33) 


Siated at the desired instant; the constant of integration is 


. Therefore, from eqn. (125), 


VoT, On ( Wd 
i nase po 
Vo ILC, E sin ( w, aes 
IBLE soe yD 
-l- wy sin. (ont rts WoT, | (34) 


follows from symmetry that, at the peak of the flyback, 


Lm 
2 
wv, 7 d 
ae —— 35 
ane wT, B) ( ) 
eee 
Ivar, 2 
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Substitution into eqn. (34) gives 
VoT, ( a b ) 
2L;C,\w, wy 
and expansion of a/w, — b/w leads to 


aw; + bwt a+b 
wjo} 


Ve 2 


VoT 1 
21, Cy(w2 — w) 


Substitution from eqn. (10) gives 


Ve 2 


) 66 


WW 


VoT,w1@No 
2L1Cz(w2 — w)Do 


Va= 
Evaluating from eqn. (5), 
Vor 


and using eqns. (2) and (24), 


WW VoT, 


W5-— Wy 2 


Veo = 1+55en,Vo5! = 4 1°55w Ly . (37) 

It may be shown that the e.h.t. voltage from a system with 

the same flyback time and a tightly coupled transformer is 

—1-:00w, ae (38) 

Therefore there is a gain of 55% if 2-8th harmonic tuning is 
employed. 


(5.4) Driver-Tube Voltage 


The 2-8th harmonic tuning, with its consequent 55% increase 
in e.h.t. voltage, is assured if eqn. (30) is satisfied. Either p or 
q may be given any value, within limits. It will now be shown 
that, for one particular set of values of p and gq, the voltage 
pulse across the yoke, i.e. applied to the driver tubes, is as small 
as possible. 

The driver-tube voltage is given by 


di 
hep Gl ee i (39) 
which may be evaluated from eqn. (12a) as 
Tk ; 2 
Voy = Vox doy sin (ou = opts 
Bad < Z 
+ Fo sin (wrt oe | (40) 


In contrast to the e.h.t. voltage, Vc), the maximum value of 
Vc, need not occur at t= 47;. It may be shown graphically, 
by plotting (cos 9 + K cos 2:80) for various values of K, that 
the maximum value of Vc, is as small as possible if 
Bim ~ 0-2 

w1 


K= (41) 
This condition is very broad. Therefore, since w/w, is of the 
order of 3, it is sufficient, in order to minimize the pulse applied 
to the drive tubes, that 


A~ 15B (42) 


If Bw,/Aw, < 0-2, the maximum of Vc, is at t+=4T7;. If 
Ba,/Aw, > 0-2, two maxima occur symmetrically about the 
mid-point. Substitution into eqn. (40) then gives for the mini- 
mum driver-tube voltage pulse 


1h 
Vo = 0:75w, Vor (43) 
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The peak yoke voltage for a system with the same flyback 
time and a tightly coupled transformer may be shown to be 


ip 
—1:0001 %o5" (44) 


Therefore there can be a reduction of up to 25% if 2° 8th har- 
monic tuning is properly employed. 
(5.4.1) Evaluation of p and q. 

From eqns. (5) and (10), 


1 1 
Aw + Bu? = 


InC, LC, 
This may be expanded from eqns. (27) and (31) to give 
2:814 0-368.» ob (2) 


Li Cy (Pq) LiCi\ pq 
Die 
1.e5 2°81A + 0°36B = ——_. . (45) 
w V(P4) 
Eqn. (10) gives A + B=1. Using eqn. (42) it then follows 
that 
15 1 
==> =— 46 
d 16 z 16 ae) 
Substitution into eqn. (45) yields 
pt+1=2-65\/(pq) (47) 


Eqns. (30) and (47) may be solved to give the non-trivial solution 


p= 0:36 q= 0-73 (48) 
(5.4.2) Evaluation of 77. 
Substitution from eqn. (48) into eqn. (32) gives 
Ty = 3°8/(L,C;) (49) 


If L,, the yoke inductance, is chosen, the optimum values of 
all other components (referred to the yoke terminals of the 
transformer) are uniquely determined by the flyback time 
[eqns. (48) and (49)]. 


(6) CONCLUSIONS FROM SIMPLE ANALYSIS 


If an e.h.t. system can be replaced by the equivalent circuit of 
Fig. 8, there will be no ringing if the poles of the network are 
in the ratio w,/w, given by eqn. (23). The poles of the network 
will be in the desired ratio if eqn. (30) is satisfied. 

Both the e.h.t. and driver-tube voltages have components at 
each of the frequencies w, and w,. Correct tuning gives a 
symmetrical flyback, and the phase relations are such that: 


(a) The components add in the case of e.h.t. waveform; the peak 
voltage is increased by 55% relative to that from a tightly coupled 
transformer with the same flyback time. 

(b) The components subtract in the case of the driver-tube wave- 
form; the voltage halfway through the flyback is reduced, but the 
maximum (which need not occur halfway through the flyback) may 
be either increased or decreased. 


If p = 0:36 and gq = 0:73 [eqn. (48)] the maximum driver- 
tube voltage is as small as possible. The reduction is 25% 
relative to the peak from a tightly coupled transformer with 
the same flyback time. With these values of p and gq, the flyback 
time is Ty = 3-84/(L,C;) [eqn. (49)]. 

If p< 0-36 and q is adjusted to give correct tuning, the 
driver-tube voltage halfway through the flyback is reduced by 
less than 25% and is the maximum. If p > 0-36, the driver- 
tube voltage halfway through the flyback is reduced by more 
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(a) (b) | () 


Fig. 11.—Effect of e.h.t. winding capacitance on driver-tube vol 
(a) p < 0°36. (6) p= 0°36. (c) p > 0°36. 


than 25°% and two voltage maxima occur symmetrically 4 
this point. This is illustrated in Fig. 11. 


(6.1) Theory and Practice 


The results of the foregoing analysis are confirmed qualitet 
in practice. Quantitatively, the agreement is fairly good i 
points except the effective pulse step-up. Theory predi 
effective step-up of slightly more than twice the turns 
i.e. 1:55/0:75 = 2-07. In practice, the effective ratio is 
more than 1-5. The explanation is in the approximate % 
of the equivalent circuit. In particular, no account has 
taken of losses, and the primary inductance and the mi 
capacitance of the transformer have been neglected. The 
line of an analysis using a more complete equivalent ciret 
given in Section 7. : 

The purpose of this more complete analysis is to show 
the inclusion of kL and Cy, decreases the effective pulse ste 
and further, that the step-up is decreased approximately & 
value observed in practice. No account is taken of losses 
is shown in Section 7.7 that there is no general solution o 
equations in the lossy case. Special solutions of the typ 
lined in Section 4 exist for isolated sets of component va 
but the labour involved in finding such a solution is out ¢ 
proportion to the value of the results which would be obta 
The whole equivalent circuit is at the best an approxima 
for example, it is an oversimplification to lump the distri 
capacitance of a transformer winding across the ends 0 
winding. If a solution for a lossy transformer were fout 
would not apply accurately to any practical transformer. 


(6.2) Design of Practical Transformers 


The design of a practical e.h.t. transformer should be basé 
the above simple analysis, with every effort made to minimiz 
effects of kLp and Cy, i.e. the primary inductance shou! 
large and the mutual capacitance small. 

The main winding should be constructed in accordance 
well-known principles,® the primary inductance being as | 
by Friend;’? with modern core materials, the coefficiet 
coupling can be made very close to unity, so that Fri 
formula will satisfy the requirement of large primary induct 
The primary winding capacitance is adjusted to give the rea 
flyback time [eqn. (49)]. 

The number of turns in the e.h.t. winding is calcul 
assuming an effective pulse step-up of 1-5 times the turns: 
i.e. assuming that eqn. (37) becomes 


Voo SS 1-15e,Vo5! 
and eqn. (43) remains as 


Vey eee 0-750, Vos" 
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[Wk-K]Lo 


= - N[N-iJCy4 a N°Ce 


Fig. 12.—Equivalent circuit for line time-base, after manipulation. 


gill be suggested by eqns. (66) and (68) respectively. The 
4, winding capacitance is calculated from eqn. (48), and a 
wer of transformers are constructed with capacitances 
4g around this value. These transformers are tuned by 
} ting the coupling between the windings to give minimum 
ir} in the boost-diode current waveform, i.e. by adjusting g 
‘a. (48) to its required value. 

'2 waveforms of the pulses across the main windings of these 
j. transformers are examined. It will be found that, as the 
oi winding capacitance increases, so the main-winding flyback 


ved. The transformer which gives the flattest pulse is then 
‘ed for e.h.t. voltage under load, and the number of turns 
re. h.t. winding adjusted as required. If the change is more 
ifs few per cent, the entire process should be repeated until 


\ 


ind be tuned to give minimum ripple in the boost-diode 
; nt, rather than maximum or minimum voltage pulses. 


Wy 


i) Auto-Transformer Connection. 

ji e.h.t. transformer is usually constructed as an auto-trans- 
er, with the start of the e.h.t. winding returned to the finish 
ve main winding. Any capacitance from the e.h.t. terminal 
1 , €.g. the e.h.t.-rectifier-tube capacitance, forms part of 
a xtual capacitance and not part of the capacitance across 
h.t. winding. Such capacitance should be minimized. 


(7) COMPLETE ANALYSIS. 
(7.1) Equivalent Circuit (a) (0) 


impedance. 
| @) Cs and Cg are moved to the primary side of the ideal 
‘nsformer. 

b) A star-delta transform is performed on the inductances kL : PENS A 
1d — kL. s* in the circuit determinants. 


c) Cy is r placed by three capacitances —(N — 1)Cyyz, NCiy apd 


sfactory design is obtained. In all cases, transformers Ws 
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js change from pointed through flat-topped to double- Fig. 13.—Equivalent circuit used in complete analysis. 


Ms 


Xe 


De 


_a Starting-point, consider the lossless equivalent circuit of Fig. 14.-Reactance plots for equivalent circuit, showing that there 
The equivalent circuit is manipulated as follows: are two pairs of conjugate poles only in the driving-point 


expected, therefore, that there will be a common factor of degree 


— 1)Cw. (7.3) Network Equations 


circuit is then as in Fig. 12. Parallel components are The required initial conditions are 
bined and the resulting elements are renamed, giving the oe 
, complete, lossless equivalent circuit of Fig. 13. [oh a sf s 
“ 1 
‘ (7.2) Existence of Solution Vor. 
@ simple analysis is dependent on the network having only Up an Cie TiN) 
4 of conjugate poles. The network for the complete 
is has an additional two elements; its circuit determinant iz =i,=0 
re of the sixth order and it is expected that there will be a ort (0) 
2 sets of conjugate poles. However, it is easily demonstrated Cita 0 
the driving-point and transfer impedances have two poles Volo 
A solution modelled on that of Section 4.1 will therefore VO ip sOLt 
plicable. 
jae reactance plot for a parallel LC circuit is shown in oe VoL; 
“14(a). If two such circuits are connected in series, the C2 fis by 


3 plot has two poles as in Fig. 14(6). If a third LC 


OL. 108, Part B 


is connected in shunt with this series arrangement, the If generators with the transforms shown in Fig. 15 are included 
it plot still has two poles only, as in Fig. 14(c). It is in the equivalent circuit, these conditions will be simulated. 


9 
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Fig. 15.—Initial-condition generators for complete analysis. 


Generator 1: —4VoT7s. 
Generator 2: Vols. 


Generator 3: VoL2/(Z2 + L3)s Generator 6: VoL3/(1.2 + L3)s. 


The network equations are 


Generator 4: —VoL2T;/2(L2 + L3). 
Generator 5: —VoL3Ts/2(L2 + La). 


1 1 
ce ern oat 0 0 i 
aac sC\ 2 
] F 
= a sLy + sL3 =a sCy om sL;3 = sL, ly 
1 ‘ 
0 ae Ky sb + sCy 0 13 
1 
98 0 ji ea 
0 SL SL a 5C) 14 
- | 
Sc! 
Th 1 
= Ko (3 va :) = (51) 
Bons I, +L, 
I,+L, 
The relevant solutions of eqn. (51) are 
Fy Vo ny ie s + No 
eager st le Ser ean IO 
‘i Vo Sie s?n> + No 
’3 TOR) )z EF IS WONG ee 
where 
1 1 1 1 ) 
Dy = | 
: GOTCC Tae Ennai 
1 1 1 
De a(i+d) 
2 O03 +C3C, + mal aE “ L; 
1 1 1 1 
ata) (it) 
ae ewe dais pies 
> > es (63) 
ee CL, + L3)° + CoL5 + C314 
© (C2C3 + C3C, + CiC)LaL (Ly + Ls) 
Pec C(L, =- L, + L3) 
9 (GCs + CyCy + CC) LL, + Ls) 
50s C,C3(LZ; + L, + Ls) 
2 (CoC3 + C3C, + C,C) La + 3) 


As expected from Section 7.2, a factor s?/L;C;C,C; has cancelled 


in all determinants. 
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As in the simple analysis, it will follow that 


Dy 
+ -_ Bl 4 cos (wit ~——.) + Bcos (wot a 


“i Vo ii 2 
3, ea a.cos (wt — 


1p fee 

ww = Do 

Apes {| Bul 
Aws + Bw? = No 
a+b=n 

aw; + bwi=n ) 


For ringing to cease, the flyback must be symmetrical; 
fore, among other conditions, i;(7;) = 0. Substitution 
eqn. (19) into eqn. (54) then gives 


eum 2 
a COS (G a re 


2 salen te a 
aya: [2 G ds wT, mal 7 
(7.4) Departure from Simple Analysis 
In general, from eqns. (53) and (55), 
axz—b 


so a departure must now be made from the simple analysi 
An initial condition is i;(0) = 0. Therefore, from eqn. 


: 
4 


D2 2, | 

* y oS 

a cos ( rae + bos ( one 0 

i.e. bx, Sa SiMe ida, . al 
cos ( — 2/wT,) 

We now anticipate the result and put ; 

<2 — 3(1 — 8) 

Ww; ‘ 


in eqn. (56), giving 


a COs iG ae =r) = = i 


__ cos (—2/a4T,) | 4 255 
* cos(—2fenT 2 a (+R) wte 


- 


which simplifies to 


cos (— : ) = 376 
on. = cos | 37 


2 


wT, (wT. } 
for which a solution is 
2 12 2 
_ = 3775 = i-6 
WT, i oT. Li WT, 
Therefore 6 = Alon Ts — 43u2T, ~ i= 
mt + 4/w,T, 70T, ' 
and using eqn. (22), 
4Ty 
o aT, 


eb) fore, from eqn. (59), 


| ma 


sin is nearly the same as eqn. (23). 


4T; 
aad. 


(60) 


)jas. (23) and (60) are different because they have been 
2d by different approximate methods. Of the two, the 
Mon of eqn. (60) is more general, but that of eqn. (23) i is 
accurate if Cy is small. The derivation of eqn. (60) involves 
: pproximate equation (58), which is in direct contradiction 
3 0. (13), the latter being exact if C, is zero. 

/ attempt has been made to produce an expression corre- 
jing to eqn. (30) of the simple analysis. Such a formula 
d involve four ratios instead of two, and would be of little 


Yi (7.5) E.H.T. Voltage 
in the simple analysis [eqn. (36)] the e.h.t. voltage is 


oy VoT wor fase + bwit ee a + * 
21,C3(w2 — w,)\ 


ID 
OEY) 


ition from eqn. (55) gives 


VoT ww No 


ay, 
= 211C3(w2 — w1)\Do 


(61) 


Ds) 


i sneral, the constants may be evaluated from eqn. (53). 


_) Special Case of C, = 0. 
_ C, tends to zero, the equivalent circuit becomes as in 
; 16, and eqns. (53) and (61) lead to 


ie 
Wz — WwW; 2 


WW 


Vo3 (62) 


Ls = > 


neglecting the mutual capacitance, Cy. 
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t 


ys, 
1} 


Voy ~ 


I 16.—A fairly accurate simple equivalent circuit, obtained by 
; 


(2) Special Case of L3 = e. 
_ L, tends to infinity, the equivalent circuit becomes as in 


17, and eqns. (53) and (61) lead to 


ie 
a 4 WW wee CyV/(Ly/L)) | (63) 
, eee V(CrC3 + C30; + CC) 

iB is small compared with C, and C3, 


Lv rs WW VoT, 
637— 


si DM — Wy Ds 


)-Syae)] 
3 


17 is the equivalent circuit most commonly used in 


ers on third-harmonic tuning. With likely component values, 


16 is a more accurate simple equivalent circuit. 


‘ 3) Approximate General Expression. 
“rom eqns. (62) and (64), an approximate general expression 
the e.h.t. voltage is 


VoT, 
W.— Wy, 2, 


WW. 


ev (a) © 


[ ae 
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Fig. 17.—Equivalent circuit most commonly used in papers on third- 
harmonic tuning, obtained by neglecting the primary inductance 


kL. 
ay ae) | (66) 

L, 2 L, C;/ 2) 
Eqn. (65) can be derived directly from eqns. (53) and (61). Its 
derivation as above highlights the separate effects of L3 and C). - 


and if W>/w, == 2:80, 


. JE 
Vo3 Sa 1:55w,Vo al 


(7.6) Driver-Tube Voltage 


As in the simple analysis of Section 5.4, the driver-tube voltage 
pulse is minimum for 


Bad 
—~0-2 
ae 0 (67) _ 
when the peak is given by 
T. 
Va = 0-75e,Vo>* (68) 


(7.6.1) Value at Mid-Point of Flyback. 


For the sake of completeness, it is recorded that the driver- 
tube voltage at t = 47; is given by 


Vo — —tVoT (Aw, = Ba) 


Expansion of Aw, — Bw gives 


VoT ww hee + But 


Kor 2(w —— 4) 


WW? 
ables B =I (69) 
1 WwW. 


—(4+B)(2 


and substitution from eqn. (55) yields 


VoT. 1 Ws | No W2 WwW, | 
V, s - iv ) (70) 
ae 2(w2 —w) LV Do wy W 
If w/w, = 2-80, eqn. (70) becomes 
Ver = ~ 1-55, Vo! (SK. os 2-16) (71) 


When the driver-tube pulse is flat topped, the maximum 
voltage is 


és dy 
Voy = = 0-75 Vo> 


occurring att=47;,. Therefore, from eqn. (71), a transformer 


of optimum design has 


(72) 


(7.7) Losses 


If losses are included in the equivalent circuit, it is not possible 
to have a symmetrical flyback. The whole mechanism of the 
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solution breaks down, and, in general, ringing cannot be made 
to cease entirely at the end of the flyback. 

This is confirmed in practice, for line output transformers 
always show some ringing. 
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SOME REMARKS ON WAVEGUIDE MODES 
By R. A. WALDRON. 


(Communication received 2nd December, 1960.) 


Professor Barlow suggests! that, in obtaining a solution of 
the electromagnetic wave equation, it would be helpful to 
attempt first to resolve the field equations into three parts, 
corresponding respectively to TEM waves, surface waves, and 
waveguide modes. Such an attempt is not likely to be fruitful, 
because there is no real distinction between these waves, either 
mathematical or physical. 

Before explaining this in more detail, it is necessary to intro- 
duce the concept of the homogeneous simple perfect (h.s.p.) 
waveguide.”»3 By ‘waveguide’ is meant a system in which all 
boundary surfaces are parallel to a given straight line. A 
homogeneous guide is one with only one boundary surface, on 
one side of which is a perfect conductor and on the other a 
single homogeneous medium. A simple guide is one in which all 
the media have only scalar properties. A perfect guide is one in 
which all the media are lossless. The h.s.p. waveguide possesses 
all these properties; it consists, therefore, of a perfect conductor 
enclosing a straight hollow space of arbitrary cross-section, 
filled with a lossless, scalar medium. In a special case, this 
might be vacuum. It will be convenient in the present note to 
take the h.s.p. guide to be of circular cross-section, although 
this is not necessary. 

It can be shown that in general there is a one-to-one corre- 
spondence between the normal modes of any waveguide and 
those of the h.s.p. guide. Consider, for example, an ordinary 
practical guide consisting of a metal tube filled with air. This 
may be regarded as a guide with a single boundary surface of 
circular cross-section, inside which is a medium of relative 
permittivity Ey = Jey and outside which is a medium of relative 
permittivity €, — jey, where e; is nearly unity, €; <1, and 
«5 is very large. This waveguide can be reduced to the h.s.p. 
guide by changing ¢{ to 0, €; to 1, €5 to 0, and €§ to infinity. 
It is possible to solve Maxwell’s equations for the metal-tube 
guide, and to obtain a set of eigenvalues (the phase constants) 
and eigenfunctions (the field components); as the guide is 
reduced, mathematically, to the h.s.p. guide, the eigenvalues and 


Mr. Waldron is with Marconi’s Wireless Telegraph Co., Ltd. 


eigenfunctions also reduce to those appropriate to it. The 
cess can be carried out continuously, and at no point do any 
modes appear, nor do any disappear. There is thus a ma 
the metal-tube guide corresponding to each mode of the f 
guide, and vice versa. The metal-tube guide has been disc 
in more detail in Reference 3. An analogous reduction 
carried out for any non-h.s.p. guide; for example, if the gui 
cylindrical and contains a concentric dielectric rod, the redu 
consists in either reducing the radius of the rod to zer 
changing its dielectric constant to unity. The cases of aé 
drical guide containing a concentric rod of ferrite or a tul 
ferrite whose outer radius is equal to that of the guide have 
treated in References 4 and 5. 

By treating the coaxial line as a waveguide it is possib 
use the above type of reduction to show that the transmis 
line mode (Barlow’s TEM mode) is related to certain o} 
modes of the h.s.p. guide. This can be done by general 
somewhat the mathematical problem; the system consider 
a guide with two boundary surfaces r = a, r = b, with a 
The outermost region, r > a, contains a perfect conductor 
region a >r-> b contains vacuum; and the inmost re 
r <b, contains a scalar dielectric with relative permittivi 
If we put « = —joo, the system becomes an ideal ce 
transmission line; if ¢ = 1, the system is an h.s.p. guide. 1 
is a class of modes which, on reducing € to unity, reduce ¢ 
Epo modes of the h.s.p. guide. In the textbooks we are 
that the guide of circular cross-section does not support 
modes because for these the boundary conditions can on 
satisfied if all the field components vanish identically. 
is true, however, only for the h.s.p. guide; as soon as € de 
from 1, non-trivial solutions of Maxwell’s equations bei 
possible. At the other extreme, when € goes to —joo, the 
modes degenerate to a single mode, the transmission-line n 
This question is discussed further in Reference 3. 

Surface waves can be examined in the same way, and ‘su! 
wave’ modes can be related to those of the h.s.p. guide. 
example, Clarricoats® 7 has related the ‘surface-wave’ mod 


i 


ctric rod to those of a guide of circular cross-section 
ining a concentric dielectric rod. One further step, as 
d above, would relate them to the modes of the h.s.p. 
Alternatively, we could write €, for the dielectric con- 
of the rod and e, for that of the medium outside. By 
sj ing <> continuously from 1 to —joo and e¢, to 1, the dielec- 
qd guide would be reduced to the h.s.p. guide. This 
bring out the absence of any meaningful distinction 
n ‘surface-wave’ modes and waveguide modes, for at no 
in the reduction could it be said that a change occurred 
essential nature of the waves. 

3\2 correct approach to a new guided-wave problem is 
Vv atly not to try to separate out the modes as transmission- 
« surface-wave or waveguide modes, which might introduce 
als, but to seek to relate the mode spectrum of the system 
investigation to that of the h.s.p. guide. In this way, 
aambiguous system of mode nomenclature can be arrived 
[he mode in the new system which reduces to, say, the 
mode of the h.s.p. guide can be designated the Hpg mode 
mt further ado. When this is done, the distinction between 
mission-line modes, surface-wave modes and waveguide 
'S is seen to be quite artificial. 
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[Professor H. E. M. Barlow makes the following comments: 

The important point made by Mr. Waldron, that there is in 
fact a continuous transition from one mode to another in 
accordance with the relative nature of the supporting media and 
the corresponding boundary conditions, emphasizes the difficulty 
of distinguishing clearly between different modes, but it does 
not in my opinion entirely preclude that possibility. 

We are in fact accustomed to recognizing the TEM wave and 
the so-called waveguide modes as capable of excitation when 
specific conditions are established. In the first case there is 
no phase change over the wavefront, whereas in the second 
a standing wave transverse to the direction of propagation 
is essential. The surface wave is more difficult to identify 
because in some respects it is very similar to the TEM wave, 
but the important feature is the evanescent distribution of 
field over the wavefront. All of these waves in their pure 
form only transmit power in the direction of propagation, 
and recognizing their individual characteristics they should be 
capable of identification mathematically as well as physically. 
The fact that in practice we invariably have to deal with hybrid 
waves would seem to emphasize the value of separating com- 
ponents in terms of clearly established conceptions of the 
distinctive types of wave modes. 

This is perhaps another way of saying much the same thing 
as Mr. Waldron, when he suggests that the right procedure is to 
relate the mode spectrum of the system of interest to that of the 
h.s.p. guide. To me the difference lies largely in the extent to 
which the concepts yield familiar interpretations in terms of 
wave modes of practical concern.] 


at. 

/essrs. J. N. Holmes and J. N. Shearme (communicated): The 
)ors describe a satisfactory correlator for computing the 
t-term correlation functions of low-frequency signals, but 
xamples of the computed correlation functions which they 
ive rise to some doubts about the measurement procedure. 
'e have studied the paper by R. E. Burgess (the authors’ 
Surence 8), which deals with envelope-detected band-limited 
both with and without the presence of an added carrier. 
n this paper the following results emerge: 

@) Both linear and square-law rectification give very similar 
sults for the power-density spectrum, and hence the auto-correla- 


mn function, of the detected noise. For this reason it will be 
rmissible to consider only the square-law case. 


The normalized auto-correlation function for detected noise 
is 


sme sin fot 
te (aide ( Bt 
here B is the bandwidth of the noise in cycles per second. 


BiLuincs, A. R., and Lioyp, D. J.: Proceedings I.E.E., Paper No. 3295 E, Sep- 
er, 1960 (107 B, p. 435). 


DISCUSSION ON 


‘A CORRELATOR EMPLOYING HALL MULTIPLIERS APPLIED TO THE 
ANALYSIS OF VOCODER CONTROL SIGNALS’* 


(iii) For the authors’ Fig. 6 (noise and carrier) the auto-correla- 
tion function may be easily calculated from the spectrum. The 


result is 
2/sin aBr 1 
p(t) = a( ) ae 3 


sin ey 


aBr awBt 


These auto-correlation functions apply to the noise output of 
the envelope detector after the d.c. spectral line is removed. If 
this d.c. component is not removed the correlation functions 
will have a constant component in addition to those of the forms 
shown above. The authors do not state whether they removed 
the d.c. component before correlation, but as the curves of their 
Figs. 5 and 6 tend to zero with increasing 7, it is assumed that 
this component,was not present. 

Functions (ii) and (iii) above differ considerably from the 
authors’ Figs. 5 and 6. Three examples will suffice to illustrate 
this. Figs. 5(a) and (b) should be of identical shape and should 
differ only in time scale. Fig. 5(b) should never be negative. 
The ordinate of Fig. 6 should be —0-128 at 7 = 44 millisec. 

These disagreements may be explained by differences between 


238 DISCUSSION ON ‘CORRELATOR WITH HALL MULTIPLIERS FOR ANALYSIS OF VOCODER CONTROL SIGN. 


the authors’ signals and the ideal signals assumed by Burgess, 
and perhaps partly by errors in calibration of the correlator. 
Whatever the cause of the discrepancies, however, it does not 
seem reasonable to claim agreement with the results predicted 
by mathematical analysis. 

Unless their meaning of the phrase ‘occupies a bandwidth’ 
is very different from that generally accepted, the authors’ 
conclusion drawn from the comparison of Figs. 7 and 8 is 
incorrect. A reasonable conclusion would be that the vocoder 
control signals for the speech input have more energy at low 
frequencies relative to the high frequencies than they do for a 
noise input. There is no evidence that the significant energy 
components all lie in a bandwidth of less than 25c/s. It is quite 
possible that low-level components in the region of 25c/s, not 
evident from a casual inspection of the correlation function, 
may have a considerable effect on the transmission of the speech 
sounds used for the authors’ analysis. 

The cross-correlation functions shown in Fig. 9(a) and (d) 
have not been normalized by the usual process for cross-correla- 
tion functions. As they stand, the curves give no indication of 
the degree of correlation, which, from the available evidence, 
may even be very small everywhere. The usual form of nor- 
malized cross-correlation function is 


bap) 
[b2a(0) : h5y(0)]' 


Fig. 9(c) is an even more striking example of an unusual 
normalization process. The function 


Pat) — Pay(0) 
has 1) — bap(0) 


is necessarily zero att = 0 and unity at rT = 0-1 sec, irres 
of the form of $4,(7). There is thus no justification for s 
that Fig. 9(c) ‘shows a pronounced delayed correlation’. 

Professor A. R. Billings and Dr. D. J. Lloyd (in reply): 
Holmes and Shearme are quite correct in assuming th 
absence of a constant term implies its removal: in justifice 
for this it may be said that the correlation function for ¢ 
current is singularly uninteresting. For this reason i 
removed subsequent to measurement and before norma 
the results. As explained in the paper, the reason for measi 
the correlation functions was to obtain an indirect measu 
the self- and cross-power spectra. The relative spectral d 
butions, excluding direct current, are then of principal int 
and in this context the method of normalization is irrele 
However, we reassert that there is a pronounced delayed cor 
tion indicated in Fig. 9(c), and indeed this delay has been deg 
for more than one speaker. 

The criticism that the measured correlation functions ax 
cardinal functions, or combination of cardinal functions, 
naive one. It was never claimed that the shape of the 
pass-band was rectangular, and a moment’s reflection 
indicate the impossibility of this. As to the spectral ocalil 
of the control signals, corresponding to Fig. 8, the p 
of periodic or quasi-periodic components at frequencies of a 
10c/s would be indicated by rapid changes in slope ¢ 
observed correlation function: again there is no evidence ¢ 
We would suggest that an acceptable definition of banc¥ 
is the r.m.s. width of the Fourier transform of Figs. 8(a) am 
which is of the order of 10c/s. This is not to suggest th 
components occur above this frequency, but only that t 
small. ; 


DISCUSSION ON 


‘ANALYSIS OF A FREQUENCY-MODULATED CONTINUOUS-WAVE RANGING 
SYSTEM?’* 


Mr. L. Kay (communicated): The paper can be misleading 
since the introduction suggests a generalized analysis wherein no 
approximations are made, but in fact the main context and con- 
clusions are based upon a particular system developed for 
ionospheric sounding, with an approximation at the commence- 
ment of the analysis which reduces the value of the remaining 
theoretical presentation. Since Keep, Tucker and myself are 
quoted, each dealing with f.m. echo ranging systems (I think 
echo ranging is to be preferred since there are other methods of 
ranging not requiring a target echo) all of quite different types 
from that outlined by Messrs. Hyman and Lait, the link between 
the ionospheric sounder, radar echo-location, and sonar echo- 
location could perhaps have been made more clear. I cannot 
agree with the authors that all f.m. echo-location systems have 
been similar to airborne altimeters. This may generally apply, 
up to the present, in the case of radar, but certainly not in sonar. 
The authors should therefore have made it clear that their 
paper, whilst of general interest from the point of view of the 
method of mathematical analysis, applies mainly to a particular 
problem. 

The approximations made at the commencement of the analy- 
sis assume that the frequency increases linearly with time for a 

* HyMans, A. J.. and Lait, J., Paper No. 3264 E, July, 1960 (see 107 B, p. 365). 


period 7, followed by an instantaneous flyback. It is odd 
this approximation should be made when comparable app 
mations are not allowed in the remainder of the text. Ty 
values for T, and « are not given, from which the validi 
the approximations may be judged, but taking a possible t 
width of 20 kc/s and a time interval of 1 millisec*, i.e. T.Af - 
the linearity is far from that required to maintain the sps 
lines of the beat notes constant for integration over a 
time interval. This fact—a most important one—appea 
have been forgotten; the authors’ views on this will be @ 
ciated. 

One of the main features of the paper is the use of the ch: 
switching system to reduce the effects of range ambiguity, 3 
is certainly serious in the form of frequency-sweep desc! 
This is not the only form of sweep which can be used, hov 
I have used a transmission consisting of a frequency s 
covering the maximum bandwidth of the array and lastin 
a period T = 2R,,/c, followed by a ‘silent’ period also of dut 
T, to advantage. During the silent period the f.m. osci 
was allowed to continue sweeping for a further change Af 
to the array bandwidth. The oscillator sweep thus co 
twice the transmitted bandwidth. 


* Reference 1 in paper. 
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F.M. echo-location system with reduced range ambiguity 
effects. 


jiead of relying on the pick-up from the transmitter array 
610. oscillator was fed to a frequency changer in the receiver 
© ig. A) so that a difference frequency was produced which 
2d less from range ambiguities than even a pulse system. 
aly disadvantage is that all signals last for only 50% of the 
xf observation with a consequent loss in signal/noise ratio 
59 B compared with an ideal fully continuous transmission 
1. 
S possible (with added complication) to produce a fully 
\ tuous beat note—rather than an intermittent one—from 
% a single-line spectrum can be obtained, but an explanation 
wh a system is more in keeping with a paper than a discus- 
6 I have not found such a complication justified in applica- 
@ with which I am concerned, but there are clearly applica- 
+ where it can be of value. 
Hunderwater sound applications the theoretical limitations 
ge resolution given in the paper are of little practical value, 
#a resolution of several thousand units would be required to 
“) these limits. For example, operating at 100 kc/s covering 
i dwidth of transmission of 10kc/s and working to a maxi- 
m range of 500ft, the number of units of range resolution 
6 le would be TAf = 2000, which is far in excess of the 
‘jal requirements of such systems. 
'|vill also be observed that there would be little difficulty due 
3 ‘ine spectrum rather than a continuous spectrum under such 
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circumstances, since a filter would normally embrace several 
lines. When using a 50% ‘on’ and 50°% ‘off’ transmission it is 
possible to shape the leading and trailing edges of the trans- 
mission pulse in such a way that spectral overlap due to two 
targets is very small; i.e. the higher harmonics of the repetition 
period are much smaller than for a rapid rise and fall of signal 
amplitude. 

Messrs. A. J. Hymans and J. Lait (in reply): We thank Mr. 
Kay for his observations, but would point out that in our paper 
no claim to complete generality was in fact made. As stated 
in the introduction, the paper arose from design studies for an 
ionospheric sounder and the parameters involved may differ 
considerably from those used by Mr. Kay in sonar investigations. 
Nevertheless, the arguments have intentionally been kept 
general in nature, so that extension to other equipment having 
parameters of a different order may be possible. Our main 
claim is that certain assumptions made by Gnanalingam have 
been rendered more general. 

As far as the maintenance of sweep linearity is concerned, the 
major problem is of a practical kind and was therefore omitted 
from our paper, which set out to discuss ‘some aspects’ from a 
theoretical point of view. It is obviously very important that 
linearity of sweep should be maintained, and we have given 
considerable thought to the question during design and con- 
struction. To put the problem in truer perspective, our T, is 
140 millisec and our bandwidth greater than 25 kc/s at all stages. 
The product of these parameters is thus many times greater than 
the figure of 20, which Mr. Kay rightly says would be inadequate. 

The choice of system parameters is indeed not only important 
inasmuch as sweep linearity is concerned; noise problems, for 
instance, are equally relevant, and these are considerations which 
have been examined in a further paper.* 

We thank Mr. Kay for drawing our attention to alternative 
methods for avoiding range ambiguity. The question of range 
resolution is again one of general interest which was treated here 
for completeness. It would obviously be inapplicable to a sonar 
system with the parameters quoted by Mr. Kay. 

* Lalt, J., and Hymans, A. J.: ‘The Output Spectral Density of a Detector operating 


on a F.M. C.W. Radar Signal in the presence of Band-Limited White Noise’, Pro- 
ceedings I.E.E., Monograph No. 412 E, October, 1960 (108 C, p. 197). 
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‘ress Report on the Development of a Photo-Electric Beam-Index 
Colour-Television Tube and System. Paper No. 3468 E. 


R. GRAHAM, M.Eng., J. W. H. Justice and J. K. OXENHAM, M.A. 


re paper is a progress report on the development of an index 
iir-television display using photo-electric indexing, and _ outlines 
4 of the basic problems associated with index systems. The effect 
/0ss-modulation between the writing and index signals is examined 
‘a method of overcoming this cross-modulation is suggested. The 
tof the delay around the index loop and its relationship with the 
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horizontal time-base linearity is discussed, and a preferred circuit 
arrangement which relaxes the tolerances on this linearity is described. 
Some comparisons are drawn between index and other colour-television 
displays, and details are given of the practical verification of the system 
described. The present system may lead to a simplification of the 
colour display tube. 

Networks. 


Topological Synthesis of Non-Reciprocal Resistance 


Monograph No. 428 E. 
R. ONODERA. 


The paper deals with the topological synthesis of non-reciprocal 
resistance networks specified by the so-called driving conductance 
matrix. Synthesis of non-reciprocal networks has already been treated 
by H. J. Carlin and Y. Ooono, and their networks are specified by 
scattering matrices and consequently n-port impedance matrices. One 
of the merits of this paper, which differs from theirs, is in the deter- 
mination of the connection and ideal transformers. Factors which 
determine the network are the connection and element resistances, 
and they therefore make possible the determination of the node- 
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branch incidence matrix and resistances so that the driving con- 
ductance matrix may equal the given matrix. When we denote 
the branch e.m.f. matrix by V and the branch-current matrix by J, 
I = GV, where, in general G’ equals G, G is called the driving-conduc- 
tance matrix, which is assumed to be given. If a maximal set of 
solutions for Gx = O and x’G = O is denoted by X as the matrix 
expression, X is called the zero factor of G. Provided that the zero 
factor X satisfies the character of a node-branch incidence matrix, the 
connection can be fixed directly. If not, the connection is determined 
by the part of X which satisfies the character of a node-branch inci- 
dence matrix, and the ideal transformers needed are determined by 
the other part. After the connection and the ideal transformers are 
determined, the branch resistances are determined by comparing the 
given matrix with the matrix calculated from the newly determined 
connection and the unknown branch resistances. 


The Impulse Response of a Number of Identical Circuits in Cascade. 
Monograph No. 429 E. 


K. THARMALINGAM, B.A., B.Sc. 


Approximate analytical expressions are derived for the impulse 
response of identical circuits in cascade. The results obtained from 
these approximate expressions, tested for an exactly solvable case, show 
remarkable accuracy. Cruder approximations to obtain a quick esti- 
mate of peak-to-peak ring in response to a step function, and the first 
zero of impulse response, are also given. 


Microwave Propagation through Round Waveguide Partially Filled with 
Ferrite. Monograph No. 430 E. 


A. J. BADEN FULLER, M.A. 


The theory of microwave propagation through an unbounded ferrite 
medium magnetized along the direction of microwave propagation is 
considered and expressions are derived for the components of the 
microwave field. Boundary conditions are applied, and characteristic 
equations are derived for four circularly symmetric shapes, namely 


(a) Ferrite-filled round waveguide. 

(b) Ferrite rod at the centre of round waveguide. 

(c) Ferrite tube adjacent to the wall of round waveguide. 
(d) Ferrite tube in the centre of round waveguide: 


Some propagation coefficients have been computed for the last 
three shapes. The method is such that it may easily be extended to 
give the characteristic equations for any circularly symmetric shape of 
ferrite inside round waveguide in addition to the characteristic equa- 
tions given in the paper. At 9370Mc/s some computed results of 
Faraday rotation have shown reasonable agreement with those 
measured on ferrite rods. The results of a specimen investigation 
of the variation of the propagation coefficient with change of ferrite 
dimension are included. 


Microwave Halli Effect and the Accompanying Rotation of the Plane of 
Polarization. Monograph No. 431 E. 


Professor H. E. M. Bartow, B.Sc.(Eng.), Ph.D. 


Faraday rotation of the plane of polarization of an electromagnetic 
wave, propagated through a medium in the direction of an indepen- 
dently applied steady magnetic field, has been interpreted in terms of 
gyromagnetic action and in certain circumstances as a consequence of 
Hall effect. 

The paper calls particular attention to the Hall-effect mechanism, 
which is shown to lead to different propagation coefficients for the 
right-handed and left-handed circularly-polarized components of a 
plane wave. 

The contention is advanced that a Hall effect can be expected to 
arise from a displacement current in the material medium and that, 
as a consequence, the Faraday rotation effect in dielectrics and semi- 
conductors may, in some cases, be significantly modified at frequencies 
above the microwave part of the spectrum. Some elementary calcula- 
tions are given in support of this argument. 


A Method of Calculating the Transfer Functions of Ladder Networks. 
Monograph No. 432 M. 


N. REAM, B.A. 


From the Kirchhoff equations applied to a ladder network, recur- 
rence equations are derived for calculating the voltages and currents in 
terms of the output voltage and current; from these, another set of 
equations is obtained for working from the input end of the network. 
It is shown that either set of equations is particularly suitable for the 
numerical calculation of transfer functions. A few general formulae 
are included for the voltage-transfer ratio of an RC ladder network. 
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The Part Played by Surface Waves on the Reflection at a Ki 
Boundary. Monograph No. 433 E. 


L. LEwIN. 


It is shown that the solution given in a previous paper for 
reflection at a ferrite boundary in a rectangular waveguide is in 
in a certain region because it implies a finite power flux into they 
guide walls. This flux can be taken care of by means of B 
surface waves, which can propagate in the anomalous region, 
which were postulated in order to resolve a thermodynamic para 
Their reality when the ferrite is lossy, however, requires 
elucidation. 

The Surface Impedance Concept and the Structure of Radio Waves 
Real Earth. Monograph No. 434 E. p 


Z. GODZINSKI. 3 


The paper is concerned with the concept of surface impeda 
applied to the theory of radio-wave propagation over a reg 
inhomogeneous and irregular, earth; some of the conclusions 
also be of value in the theory of waveguides, cavity resonatos: 
certain types of aerial. 

The advantages and limitations of the surface-impedance c¢ 
are shown in connection with a very general integral equation f 
field strength. 

The approximations and physical phenomena underlying thes 
impedance concept are first discussed in the simplest case of a Ix 
geneous and flat earth. The analysis is then extended to a horize 
stratified earth; it is then possible to characterize the earth by ¢ 
effective parameters depending on frequency and the geo 
structure of the soil. The same is also true in the case of a spi 
or not too excessively irregular earth. The discussion is 
generalized to the case of an arbitrarily inhomogeneous earth. 
height/gain function and the shape of the ellipse of polarizatic 
discussed. Approximate boundary conditions for the Hertzian 
and Hertzian scalar function are related to the concept of s= 
impedance. 

Practical conclusions are drawn with regard to the existence 
measurement of the effective earth constants and to some asped 
geological prospecting by radio methods, 4 


The Analysis 


No. 435 M. 
C. B. Newport, Ph.D., and D. A. BELL, M.A., Ph.D. 


_ The paper describes two graphical methods of calculating 
instantaneous voltages and currents which result from feedim 
sinusoidal current to a resonant circuit which employs a non-li 
inductor. The voltage-integral method uses a step-by-step i 


of Non-Linear Resonant Circuits. Mono= 


tion to the actual inductor characteristic, including hysteresis. 

ledge of the detailed waveforms facilitates the determination 
optimum magnitude and timing of a pulse to trigger a ferroresa 
circuit from the dissonant to the resonant state. Calculated wavefe 
are satisfactorily confirmed experimentally. : 
_ Alternatively, the phase-plane method allows the use of a piece 
linear approximation to the magnetization characteristic of the 
of the inductor (e.g. three straight lines), but at the cost of ign 
hysteresis. 
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Design of Cylindrical Surface Waveguides with Dielectric and Mag 
Coating. Monograph No. 436 E. bf: 


T. Bercewi, Dr.Ing. 


The paper deals with wires whose coating has both dielectric 
magnetic properties. Approximate formulae are given for the 
concentration, propagation time, group velocity, power distribu 
characteristic impedance, losses and maximum transmissible powe: 
such coated wires. 2 

The magnetic coat concentrates the field more strongly than 
the dielectric one. The field concentration increases quickly 
increase of permeability and hardly depends on permittivity. 4 

The attenuation is due to the conductive, dielectric and magi 
losses of the guide. The dielectric loss depends also on eae 


- 


and vice versa. The total loss of a given transmission line as a fune 
of field concentration has a minimum, which can be achieved 
coating of appropriate thickness. | 
To determine the maximum transmissible power, two formul 
be used. One determines the maximum transmissible powet 
the highest permissible value of electric field strength, and the o 
from the highest permissible degree of overheating. : ; 
The paper concludes with a description of design procedure 
surface waveguides, illustrated by an example. : : 
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